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Tills  research  attends  to  unmet  requirements  in  the  physiological  management 
of  moderately  and  severely  wounded  soldiers,  thereby  (a)  improving  the  return- 
to-duty  rate  of  the  combat-injured,  (b)  reducing  morbidity  and  mortality  of  the 
combat-injured,  and  (c)  reducing  resource  (primarily  material  and  logistical 
support)  utilization  by  Army  medical  field  facilities.  The  research  examines 
the  interaction  of  anesthetic  agents  appropriate  for  use  in  a  combat  environment 
with  hemorrhage.  In  doing  so,  the  physiology  of  hemorrhage  the  physiological 
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processes  that  contribute  to  the  differences  among  anesthetic  agents  for  induc¬ 
tion  and  maintenance  of  anesthesia  during  hemorrhage  will  be  examined.  Swine 
are  used  as  the  experimental  model,  examining  the  rationale  and  physiology  of 
use  of  nitrous  oxide,  enflurane,  isoflurane,  halothane,  thiopental  and  ketamine 
for  induction  of  anesthesia  during  the  hypovolemic  condition. 

We  have  found  swine  to  be  an  excellent  laboratory  model  for  the  study  of 
hemorrhage,  and  the  interaction  of  anesthetic  agents  with  hemorrhage.  We  have 
characterized  the  awake  swine  response  to  hemorrhage,  and  defined  the  swine's 
blood  acid-base  chemistry.  During  hypovolemia,  induction  of  anesthesia  with 
either  ketamine  or  thiopental  causes  similar,  important  deterioration  of  cardio¬ 
vascular  compensation  for  moderate  hemorrhage.  Reductions  in  systemic  vascular 
resistance,  mean  blood  pressure,  and  cardiac  output  are  not  different  in 
hypovolemic  animals  in  whom  anesthesia  is  induced  with  thiopental  in  comparison 
with  those  in  whom  anesthesia  is  induced  with  ketamine.  Both  agents  also 
further  exaggerate  the  lactic  acidosis  seen  with  hemorrhage.  A  potentially 
important  difference  between  the  two  agents  is  the  continued  progressive  lactic 
acidosis  one  half  hour  after  induction  seen  in  ketamine  induced  animals,  but  not 
in  thiopental  induced  animals.  We  conclude  that  induction  of  anesthesia  in 
hypovolemic  condition  with  ketamine  does  not  offer  any  advantage  over  induction 
of  anesthesia  with  thiopental  in  a  similar  circumstance.  Similarly,  enflurane, 
halothane,'  and  isoflurane  when  used  for  induction  of  anesthesia  in  hypovolemic 
swine  all  cause  deterioration  of  cardiovascular  compensation  for  hemorrhage. 

The  decrease  in  systemic  vascular  resistance,  cardiac  output,  and  mean  systemic 
blood  pressure  among  the  animals  receiving  the  three' inhalation  agents  are  quite 
similar,  as  are  the  metabolic  sequelae  and  increased  acidosis.  We  have  found 
that  30%  hypovolemia  decreases  the  minimal  anesthetic  requirement  of  ketamine 
and  thiopental  equivalently,  approximately  35-40%.  We  have  determined  the 
minimal  alveolar  anesthetic  concentration  (MAC)  in  swine  for  halothane  (1.25%) 
and  nitrous  oxide  (277%).  We  have  found  than  when  nitrous  oxide  is  used  for 
induction  of  anesthesia  during  moderate  hypovolemia,  rather  than  resulting  in 
stimulation,  it  causes  deterioration  of  cardiovascular  compensation  and  lactic 
acidosis  similar  to  that  seen  with  other  inhalation  anesthetic  agents.  Subse¬ 
quent  recovery  appears  to  be  more  prominent  with  nitrous  oxide  than  with  other 
inhalation  anesthetic  agents.  We  have  found  that  in  awake  moderately  hypo¬ 
volemic  swine  the  renin-angiotensin  system  does  not  appear  to  have  an  important 
compensatory  role.  This  may  not  be  the, case  during  anesthesia. 

The  products  of  this  project  are  important  and  meaningful  data  and 
recommendations  to  be  provided  USAMRDC,  AHS,  and  ultimately  the  user — the 
anesthetist  in  a  combat  environment — regarding  the  use  (potential  advantages 
and  disadvantages)  of  anesthetic  agents  for  acutely  injured  soldiers. 
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3.  Summary 


This  research  attends  to  unmet  requirements  in  the  physiological  manage¬ 
ment  of  moderately  and  severely  wounded  soldiers,  thereby  (a)  improving  the 
re  turn- to-duty  rate  of  the  combat- injured,  (b)  reducing  morbidity  and  mortal¬ 
ity  of  the  combat-injured,  and  (c)  reducing  resource  (primarily  material  and 
logistical  support)  utilization  by  Army  medical  field  facilities.  The 
research  examines  the  interaction  of  anesthetic  agents  appropriate  for  use  in 
a  combat  environment,  with  hemorrhage.  ■  In  doing  so,  the  physiology  of  hemor¬ 
rhage  the  physiological  processes  that  contribute  to  the  differences  among 
anesthetic  agents  for  induction  and  maintenance  of  anesthesia  during  hemor¬ 
rhage  will  be  examined.  Swine  are  used  as  the  experimental  model,  examining 
the  rationale  and  physiology  of  use  of  nitrous  oxide,  enflurane,  isoflurane, 
halothane,  thiopental  and  ketamine  for  induction  of  anesthesia  during  the 
hypovolemic  condition. 

We  have  found  swine  to  be  an  excellent  laboratory  model  for  the  study  of 
hemorrhage,  and  the  interaction  of  anesthetic  agents  with  hemorrhage.  We  have 
characterized  the  awake  swine  response  to  hemorrhage,  and  defined  the  swine's 
blood  acid-base  chemistry.  During  hypovolemia,  induction  of  anesthesia  with 
either  ketamine  or  thiopental  causes  similar,  important  deterioration  of  car¬ 
diovascular  compensation  for  moderate  hemorrhage.  Reductions  in  systemic  vas¬ 
cular  resistance,  mean  blood  pressure,  and  cardiac  output  are  not  different 
in  hypovolemic  animals  in  whom  anesthesia  is  Induced  with  thiopental  in  com¬ 
parison  with  those  in  whom  anesthesia  is  induced  with  ketamine.  Both  agents 
also  further  exaggerate  the  lactic  acidosis  seen  with  hemorrhage.  A  poten¬ 
tially  important  difference  between  the  two  agents  is  the  continued  progres¬ 
sive  lactic  acidosis  one  half  hour  after  induction  seen  in  ketamine  induced 
animals,  but  not  in  thiopental  induced  animals.  We  conclude  that  induction  of 
anesthesia  in  hypovolemic  condition  with  ketamine  does  not  offer  any  advantage 
over  induction  of  anesthesia  with  thiopental  in  a  similar  circumstance.  Simi¬ 
larly,  enflurane,  halothane,  and  isoflurane  when  used  for  induction  of 
anesthesia  in  hypovolemic  swine  all  cause  deterioration  of  cardiovascular  com¬ 
pensation  for  hemorrhage.  The  decrease  in  systemic  vascular  resistance,  car¬ 
diac  output,  and  mean  systemic  blood  pressure  among  the  animals  receiving  the 
three  inhalation  agents  are  quite  similar,  as  are  the  metabolic  sequelae  and 
increased  acidosis.  We  have  found  that  30%  hypovolemia  decreases  the  minimal 
anesthetic  requirement  of  ketamine  and  thiopental  equivalently,  approximately 
35-40%.  We  have  determined  the  minimal  alveolar  anesthetic  concentration 
(MAC)  in  swine  for  halothane  (1.25%)  and  nitrous  oxide  (277%).  We  have  found 
that  when  nitrous  oxide  is  used  for  induction  of  anesthesia  during  moderate 
hypovolemia,  rather  than  resulting  in  stimulation,  it  causes  deterioration  of 
cardiovascular  compensation  and  lactic  acidosis  similar  to  that  seen  with 
other  inhalation  anesthetic  agents.  Subsequent  recovery  appears  to  be  more 
prominent  with  nitrous  oxide  than  with  other  inhalation  anesthetic  agents.  We 
have  found  that  in  awake  moderately  hypovolemic  swine  the  renin-angiotensin 
system  does  not  appear  to  have  an  important  compensatory  role.  This  may  not 
be  the  case  during  anesthesia. 

The  products  of  this  project  are  important  and  meaningful  data  and  recom¬ 
mendations  to  be  provided  USAMRDC,  AHS ,  and  ultimately  the  user-- the  anesthe¬ 
tist  in  a  combat  environment--regarding  the  use  (potential  advantages  and 
disadvantages)  of  anesthetic  agents  for  acutely  injured  soldiers. 


A.  FOREWARD 


In  conducting  the  research  described  in  this  report,  the  investigator 
adhered  to  the  "Guide  for  Laboratory  Animal  Facilities  and  Care"  as  promul¬ 
gated  by  the  Committee  on  the  Guide  for  Laboratory  Animal  Resources,  National 
Academy  of  Sciences-National  Research  Council. 
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Background : 


1.  Overall  Objectives: 


The  long-term  objectives  of  this  research  project  are  to  improve  the  phy¬ 
siological  management  of  moderately  and  severely  injured  soldiers,  and  thereby 
(a)  improve  the  return- to-duty  rate  of  the  combat-injured,  and  (b)  reduce  mor¬ 
bidity  and  mortality  of  the  combat-injured.  Certain  portions  of  the  project 
also  focus  on  attempts  to  reduce  resource- (primarily  material  and  logistical 
support)  utilization  required  for  accomplishment  of  (a)  and  (b)  above. 

This  research  examines  the  interaction  of  anesthetic  agents,  appropriate 
for  use  in  a  combat  environment,  with  hemorrhage.  In  doing  so,  we  also 
attempt  to  define  the  physiological  processes  that  contribute  to  the  differ¬ 
ences  among  anesthetic  agents  during  hemorrhage  and  the  differences  between 
the  physiological  effects  of  anesthetics  during  normovolemia  and  during  hypo¬ 
volemia.  It  is  hoped  that  improved  management  will  result  from  such  an  under¬ 
standing. 

2.  Introduction; 

Further  advances  for  forward  resuscitation  and  in  management  of  the 
combat-wounded  will  depend,  in  part,  on  the  acquisition  and  application  of 
physiological  principles  and  understanding  of  the  interaction  of  anesthetic 
agents  and  techniques  with  physiology  and  pathophysiology. 

Within  the  past  twenty  years,  there  has  been  a  vast  proliferation  of 
research  in  anesthesia  and  anesthesia-related  fields.  Despite  the  information 
gained,  the  paucity  of  knowledge  upon  which  anesthesiologists  must  base  cru¬ 
cial,  life-determining  decisions  regarding  the  anesthetic  care  of  the  acutely 
wounded  soldier  is  distressingly  evident  in  the  chapter  on  "Anesthesia  and 
Analgesia"  of  the  First  US  Revision  of  the  Emergency  War  Surgery  NATO  Handbook 
(2).  The  NATO  handbook  quite  accurately  reflects,  "in  the  wounded  who  require 
surgery,  the  most  significant  alterations  in  physiology  involve  the  circula¬ 
tory  and  respiratory  systems."  The  anesthesiologist  in  a  combat  environment, 
in  order  to  be  able  to  make  the  intelligent,  informed  decisions  for  the  proper 
care  of  his  patient,  must  have  the  knowledge  of  the  appropriate  normal  phy¬ 
siology,  abnormal  pathophysiology,  and  how  both  are  altered  by  the  drugs, 
agents,  and  techniques  he  may  utilize. 

In  addition  to  ensuring  adequate  ventilation  and  gas  exchange,  the 
anesthesiologist  must  also  be  concerned  with  optimizing  cardiovascular  func¬ 
tion  and  selecting  agents  and  techniques  that  will  provide  the  appropriate 
alterations  in  cardiac  output,  peripheral  vascular  resistance,  total  body  oxy¬ 
gen  consumption,  systemic  blood  pressure,  myocardial  work,  myocardial  oxygen 
consumption,  and  pulmonary  vascular  resistance.  Lacking  the  ability  to  create 
appropriate  alterations,  he  should,  at  the  worst,  have  the  ability  to  select 
the  agents  and  techniques  that  will  do  the  least  harm.  Myocardial,  cerebral, 
and  peripheral  tissue  blood  flow  must  be  maintained  at  levels  sufficient  for 
aerobic  metabolism. 


All  anesthetic  agents  have  profound  influence  on  all  the  variables  listed 
above.  Halothane,  fluroxene,  diethyl  ether,  and  cyclopropane,  in  normal, 
healthy,  young  male  human  volunteers,  all  elevate  mean  right  atrial  pressure, 
increase  skin  blood  flow  and  decrease  oxygen  consumption  and  base  excess  (3- 
11).  Ether,  fluroxene,  and  cyclopropane  cause  minimal  or  no  decrease  in  car¬ 
diac  output,  stroke  volume,  left-ventricular  work,  stroke  work,  and  mean 
arterial  pressure  (5).  Halothane,  fluroxene,  and  ether  decrease  total  peri¬ 
pheral  resistance,  whle  cyclopropane  significantly  increases  it.  Unlike  other 
anesthetic  agents,  deep  fluroxene  anesthesia  causes  a  rise  in  arterial  pres¬ 
sure  (3-5)  as  a  result  of  increased  central  sympathetic  outflow  (12). 

Enflurane  during  spontaneous  ventilation  results  in  increased  PaC02, 
greatly  decreased  systemic  vascular  resistance,  reduced  mean  arterial  blood 
pressure  and  stroke  volume,  but  an  increased  heart  rate  and  cardiac  output 
(13).  The  investigators  attributed  the  latter  to  be  a  result  of  "beta- 
sympathetic-  like-  s  timula  tion"  in  response  to  elevated  arterial  PCO2  concentra¬ 
tions.  When  ventilation  is  controlled  so  that  PCO2  is  normal,  cardiac  output 
decreases  in  comparison  with  the  awake  state. 

Isoflurane,  a  relatively  new  inhalational  agent,  which  has  been  released 
recently  by  the  FDA  for  noninvestigational  use,  has  been  shown  in  unpremedi- 
cated,  healthy  young  male  volunteers  to  preserve  cardiac  output  unchanged, 
decrease  stroke  volume,  arterial  pressure,  peripheral  resistance,  V02  aiid 
lef t-ventricular  work,  while  increasing  right  atrial  pressure  and  (5/V02  during 
constant  maintained  by  controlled  ventilation  (14).  During  spontaneous 

ventilation,  cardiac  output  and  heart  rate  rise  further  as  a  result  of  rise  in 
Pa*-02,  despite  the  blunting  of  the  cardiovascular  response  to  CO2  by  isoflu¬ 
rane  (15). 

Nitrous  oxide,  first  prepared  by  Priestly  in  1772,  and  first  demonstrated 
to  have  anesthetic  properties  by  Sir  Humphrey  Davey  in  1800,  is  not  suffi¬ 
ciently  potent  for  sole  use  as  an  anesthetic  agent.  Hyperbaric  studies  have 
demonstrated  that  at  normal  barometric  pressure  approximately  110%  N^O  would 
be  required  to  produce  anesthesia.  Nevertheless,  N^O  is  almost  universally 
added  to  other  inhalation  agents  to  reduce  the  concentration  of  the  other 
inhalation  anesthetic.  The  rationale  for  this  practice  was  originally  related 
to  the  now-discarded  belief  that  N^O,  beyond  its  analgesic/anesthetic  proper¬ 
ties,  had  no  other  pharmacological  actions.  Within  the  past  10-15  year 
intormation  has  been  gathered  regarding  cardiovascular  actions  of  N^o  in 
experimental  animals  as  well  as  in  man.  Because  of  the  wide  variations  in 
experimental  designs,  the  results  are  not  clear.  Many  variables  appear  to 
influence  greatly  the  cardiovascular  action  of  N^O,  e.g. ,  type  of  ventilation, 
prior  administration  of  drugs,  background  anesthetic  agent,  duration  of 
administration  of  N_(J  prior  to  measurement,  patient  age,  and  patient  physical 
status.  Smith  et  al  ( 10 )  also  suggested  (without  supporting  evidence  or  cita¬ 
tion  of  any  references)  that  the  "extent  of  ...  trauma  or  blood  loss"  probably 
influences  the  cardiovascular  action  of  N^O.  When  added  to  halothane,  N2O 
appears  to  result  in  cardiovascular  stimulation  in  normal  man  (17,18),  in  car¬ 
diac  patients  (19),  and  in  the  normal  dog  (20-22),  although  Hill  e_t  (23) 
noted  cardiovascular  depression  with  the  addition  of  N^O  to  halothane  in 
patients  with  heart  disease  (for  operation  for  aortic  or  mitral  valve  replace¬ 
ment  or  coronary  artery  bypass  graft),  and  Brower  and  Merin  (24)  failed  to 
note  significant  cardiovascular  action  of  N^o  upon  its  addition  to  halothane 
anesthesia  in  swine.  Stimulation  is  seen  in  man  with  the  addition  of  nitrous 


oxide  to  fluroxene  (25),  diethyl  ether  (26),  and  isoflurane  (27)  anesthesia. 

In  contrast.  Smith  e_t  (16)  recently  observed  minimal  cardiovascular  changes 
with  the  addition  ot  N^O  to  enflurane  anesthesia.  With  the  addition  of  N-O  to 
a  background  of  narcotic  anesthesia,  cardiovascular  depression  is  frequently 
noted  in  man  (28,29)  and  in  dogs  (30). 

Cardiovascular  stimulation  in  man  by  the  addition  of  N^O  to  all  inhala¬ 
tion  anesthetic  agents  except  enflurane  is  likely  an  indirect  effect.  Nitrous 
oxide  was  previously  thought  to  spare  the  myocardium  of  depression  and  cause  a 
minimal  peripheral  vasoconstriction  (31-33),  probably  through  an  increase  in 
sympathetic  activity  (32).  Recent  work  has  demonstrated  a  direct  decrease  in 
myocardial  contractile  force  by  50%  No  (34).  This  is  not  as  great  a  reduc¬ 
tion  as  caused  by  an  equipotent  anesthetic  concentration  of  halothane  (34.35). 
In  in  vivo  studies,  the  stimulation  of  sympathetic  nervous  activity  by  N^O 
would  tend  to  antagonize  the  direct  myocardial  depression  (36,37). 

Despite  the  stimulation  seen,  it  appears  that  N^O  does  not  enhance  the 
overall  margin  of  safety  of  inhalation  anesthetic  agents  with  respect  to  the 
amount  of  agent  required  to  produce  respiratory  or  cardiac  arrest  (38). 
Nevertheless,  N^O  continues  to  be  used  ubiquitously  unless  the  patient  physio¬ 
logically  requires  very  high  concentrations  of  inspired  oxygen. 

The  stimulatory  response  requires  a  system  capable'of  providing  a  rela¬ 
tively  intact  sympathetic  response.  This  may  be  neither  true  nor  desirable 
during  hypovolemia.  This  consideration  loes  not  appear  to  have  been  tested. 

With  the  introduction  of  thiopental,  induction  of  anesthesia  by 
intravenous  anesthetics  became  popular.  With  the  entry  of  the  U.S.  into  World 
War  II,  much  debate,  based  on  anecdotal  experience,  arose  regarding  the  wisdom 
of  the  use  of  thiopental  in  a  mi li tary  se tting  (39-50).  The  predominant  opin¬ 
ion  appears  to  have  been  that  thiopental  should  not  be  used  for  induction  of 
anesthesia  in  cases  of  severe  trauma  or  shock  (43,45).  However,  anesthetic 
practice  today  differs  greatly  from  that  employed  in  the  early  1940's.  At 
that  time,  supplemental  oxygen  was  not  administered  to  all  patients;  nor  was 
it  even  available  on  a  routine  basis.  Patients  breathed  spontaneously.  The 
doses  of  thiopental  that  were  employed  (minimum  of  0.5  grams;  most  often 
several  grams)  are  by  today's  standards,  grossly  excessive,  especially  for 
patients  with  abnormal  hemodynamics. 

Although  thiopental  did  become  the  subject  of  research  centered  on  its 
hemodynamic  properties  indicating  myocardial  depression  (51)  and  reduction  of 
vasomotor  tone  (52),  its  use  for  induction  during  hypovolemia  has  not  been 
studied  systematically. 

More  recently,  a  relatively  new  agent,  ketamine,  has  been  advocated  for 
use  in  hypovolemic  shock  (53).  In  doses  of  2  mg/kg  IV,  given  to  fit  patients 
without  prenedication,  ketamine  has  been  shown  to  increase  heart  rate  36%, 
systolic  blood  pressure  41%,  diastolic  blood  pressure  40%,  mean  arterial  pres¬ 
sure  40%,  cardiac  output  57%,  and  stroke  volume  22%  (54,55).  This  effect  is 
probably  mediated  through  vagolytic  activity  through  baroreceptor  blockade 
(56-58)  and  central  adrenergic  stimulation  with  peripheral  alpha  effect 
(5b, 59-62),  Low  doses  (1-2  mg/kg  IV)  result  in  a  variable  positive  inotropic 
effect  163,64),  whereas  high  doses  are  negatively  inotropic  (.65-67).  Unfor¬ 
tunately,  ketamine  is  relatively  short-acting  (20-30  minutes),  and  repeat 
injections  have  been  reported  to  have  less  or  no  pressor  response  (54,68,69). 


Premedication  with  atropine  attenuates  the  cardiovascular  response  to  ketamine 
(70-73).  When  ketamine  is  given  during  general  anesthesia,  a  depressor 
response  is  elicited  (74-76). 

Ketamine  has  been  used  as  an  induction  agent  for  hypovolemic  shock.  In 
dogs,  Virtue  ^  (67)  noted  a  modest  (4%)  increase  in  blood  pressure,  and 

Gassner  et  a_l  (77)  noted  an  increase  in  blood  pressure  and  heart  rate  in  hypo¬ 
tensive  cats  on  induction  with  ketamine.  These  studies,  however,  did  not 
quantitate  the  degree  of  hypovolemia.  In  30  humans  in  "hemorrhagic  shock", 
Corssen  ^  a^  (78)  reported  a  17%  increase  in  systolic  blood  pressure  upon 
induction  with  an  unspecified  dose  of  ketamine.  Chasapakis  et  al  (79)  noted  a 
similar  response  in  13  similar  patients  premedicated  with  atropine  and  given  2 
mg/kg  IV  and  pancuronium  4  mg  IV  for  induction.  Unfortunately,  none  of  these 
quantitated  the  degree  of  hypovolemia  not  commented  upon  continued  intraopera¬ 
tive  course;  nor  did  they  compare  ketamine  with  other  agents.  Most  of  this 
literature  regarding  ketamine  has  been  of  less  than  good  quality. 

During  the  past  year,  etomidate,  has  been  released  for  use  in  the  United 
States.  Etomidate  is  a  rapidly  acting,  potent  hypnotic  of  short  duration  of 
action.  It  is  a  carboxylated  imidizole,  synthesized  in  1965,  used  in  Europe 
for  several  years,  but  only  just  released  for  use  in  the  United  States, 
Etomidate  induces  anesthesia  rapidly,  with  minimal  cardiovascular  changes  in 
normal  animals  (209-213)  and  man  (214-216).  It  has  been  reported  that  in 
patients  with  cardiopulmonary  disease,  etomidate  causes  minimal  decreases  in 
arterial  blood  pressure  and  peripheral  resistance  (215,217).  Thus,  it  has 
been  suggested  as  a  valuable  induction  agent  "in  patients  with  little  or  no 
cardiac  reserve"  (218).  The  agent  is  currently  marketed  in  the  United  States 
by  Abbott  Laboratories,  who  claims  that  it  "may  be  particularly  useful  for  ... 
patients  in  shock  ..."  (219).  This  claim  could  not  be  substantiated  by  the 
medical  department  of  Abbott  Laboratories  (220)  who  could  only  provide  three 
references  for  use  of  etomidate  for  emergency  anesthesia  during  hemorrhage, 
all  of  which  refer  to  a  single  anecdotal  incident  (221-223). 

These  claims  are  not  dissimilar  from  those  made  for  thiopental  upon  its 
intruction  in  the  1930's.  Then,  prior  to  appropriate  studies,  at  the  outset 
of  the  United  States'  involvement  in  World  War  II,  thiopental  was  used  for 
induction  of  anesthesia  in  hypovolemic  sailors  and  soldiers,  with  tragic 
results  (39-50).  Etomidate  should  be  evaluated  for  its  effects  when  used  for 
induction  of  anesthesia  during  hypovolemia. 

With  the  exceptions  noted,  the  pharmacology  described  above  was  learned 
from  anesthetizing  either  normal  animals  or  normal,  young,  healthy  men.  It  is 
inappropriate  to  attempt  to  translate  these  pharmacological  findings  from  nor¬ 
mal  man  to  hypovolemic  man.  Many  of  the  indirect  but  important  cardiovascular 
actions  of  anesthetic  agents,  especially  those  of  enflurane,  isoflurane, 
nitrous  oxide,  and  ketamine,  require  an  intact  sympathetic  response.  Hemor¬ 
rhage  results  in  sympathetic  discharge  (90).  Further  sympathetic  outflow  may 
be  neither  possible  nor  desirable. 

Only  two  studies  have  compared  anesthetic  agents  during  hemorrhage 
(81,92).  Theye  e_t  (81)  compared  survival  times  during  removal  of  0-40 
ml'kg”^  of  blood  from  dogs  with  intact  spleens,  ventilated  and  anesthetized 
w’ th  cyclopropane,  hflothane,  or  isoflurane.  Prior  to  blood  loss,  cyclopro¬ 
pane  resulted  in  higher  cardiac  output  and  mean  arterial  blood  pressure  than 
either  halothane  or  isoflurane,  presumably  as  a  result  of  higher  arterial 


epinephrine  concentration.  With  hemorrhage,  cardiac  output  and  mean  arterial 
blood  pressure  fell  more  rapidly  with  cyclopropane  than  with  either  inhalation 
agent;  arter-ial  epinephrine  increased  more  rapidly  with  cyclopropane  than  with 
either  inhalation  agent;  oxygen  consumption  fell  the  most  and  arterial  lactate 
concentration  increased  the  most  with  cyclopropane.  Survival  tire  was  shorter 
with  cyclopropane  than  with  either  isoflurane  or  halothane. 

We  have  compared,  in  splenectomized  dogs,  the  cardiorespiratory  influ¬ 
ences  of  graded  hemorrhage  (0,  10,  20,  and  30%  blood  loss)  during  enflurane, 
halothane,  isoflurane,  and  ketamine  anesthesia  with  spontaneous  ventilation 
(82).  Diethyl  ether  and  cyclopropane  were  not  studied  because  of  their  flamma¬ 
bility  and  explosive  potential  and,  therefore,  impracticality  in  a  battlefield 
medical  facility  environment.  In  compari-son  with  the  awake  state  during  nor¬ 
movolemia,  of  the  agents  studied,  only  ketamine  provided  cardiovascular  stimu¬ 
lation  (increased  heart  rate  and  cardiac  output),  while  enflurane  resulted  in 
the  greatest  depression  of  cardiovascular  function  (decreased  mean  arterial 
blood  pressure,  cardiac  output,  and  stroke  volume).  With  graded  blood  loss, 
cardiac  output  decreased  more  rapidly  with  ketamine  than  with  all  of  the  three 
inhalation  agents,  so  that  by  30%  hemorrhage  there  was  no  difference  in  car¬ 
diac  output  among  halothane,  isoflurane,  and  ketamine.  In  response  to  hemor¬ 
rhage,  systemic  vascular  resistance  increased  most  with  ketamine.  Thus,  at 
30%  blood  loss,  mean  arterial  blood  pressure  was  highest  with  ketamine. 
Rate-pressure  product  and  minute  work  were  highest  with  ketamine  throughout 
hemorrhage  except  for  minute  work  at  30%  blood  loss.  This  was  reflected  in 
total  body  oxygen  consumption  being  highest  with  ketamine  at  0-20%  blood  loss. 
Oxygen  consumption  did  not  change  with  hemorrhage  with  any  inhalation  agent, 
but  decreased  with  hemorrhage  with  ketamine,  suggesting  that  oxygen  demand  was 
not  met;  arterial  blood  lactate  concentration  increased  with  hemorrhage  only 
with  ketamine.  Under  these  conditions  of  the  experiments  of  Theye  (81)  and 
our  own  (82),  sympathetic  stimulation  appears  to  be  an  undesirable  property  of 
an  anesthetic  agent  when  used  for  maintenance  of  anesthesia  during  moderate 
hypovolemia.  These  expriments  (82)  were  performed  while  the  dogs  breathed 
spontaneously,  and  resulted  in  differing  arterial  PCO2  among  the  anesthetic 
agents.  Although  the  cardiovascular  stimulation  caused  by  carbon  dioxide 
(15,82)  is  blunted  by  anesthetic  agents  (15,18,83,84),  the  varying  levels  of 
CO2  among  the  agents  may  have  influenced  the  results. 

The  renin-antiotensin  (R-A)  system  also  plays  an  important  role  in  the 
physiologic  response  to  and  compensation  for  hemorrhage  (86-91).  The  influ¬ 
ence  of  anesthetic  agents  on  the  R-A  system  has  received  some  attention,  with 
conflicting  results  (92-98).  However,  under  normal  circumstanres ,  the  R-A 
system  appears  not  to  be  an  important  controller  of  cardiovascular  dynamics 
during  anesthesia  (97).  This  is  not  the  case,  ho'.’cver,  in  some  specific  cir¬ 
cumstances  of  altered  cardiovascular  dynamics.  When  hypotension  is  intention¬ 
ally  created  by  vasodilation  with  ni troprusside  in  anesthetized  animals,  the 
R-A  system  plays  an  important  role  in  preventing  what  would  otherwise  be  a  far 
greater  fall  in  systemic  blood  pressure  ( i . e . ,  it  produces  significant  compen¬ 
sation)  (99-100).  The  R-A  system  is  also  responsible  for  the  rebound  hyper¬ 
tension  observed  following  discontinuation  of  ni troprusside  (101-102).  In 
sodium-depleted  animals,  the  R-A  system  is  an  important  regulator  of  blood 
pressure  during  anesthesia  (103).  These  lines  of  evidence,  indicating  that 
anesthetic  agents  decrease  blood  pressure  in  states  where  the  R-A  system  is 
activated,  lead  one  to  suspect  that  this  may  also  be  the  case  during 
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hemorrhage.  Although  this  hypothesis  has  also  been  suggested  by  others  (97), 
it  does  not  appear  to  have  been  tested. 

Understanding  the  interaction  of  anesthetic  agents  with  the  R-A  system 
during  hemorrhage  offers  the  possibility  of  improved  casualty  management 
through  appropriate  selection  of  anesthetic  agents  and  R-A  stimulants  or 
blockers . 

Although  the  vasopressor  activity  of  extracts  of  the  pituitary  gland  was 
first  observed  90  years  ago  (183),  the  role  of  vasopressin  as  an  antidiuretic 
has  received  far  more  attention  because  that  action  occurs  with  far  less 
amounts  of  vasopressin  than  does  its  pressor  action  (184-186).  Research  was 
further  hindered  by  the  use  of  insensitive,  unreliable  biological  assay  in 
anesthetized  animals  (ISO),  until  the  development  of  a  sensitive,  reliable 
radioimmunoassay.  Vasopressin  is  now  recognized  as  the  most  potent  vasocon¬ 
strictor  yet  studied  (180).  Only  recently  have  inves tiga tions  centered  on  the 
role  of  vasopressin  in  response  to  hemorrhage.  Evidence  that  vasopressin  has 
an  important  role  in  hemorrhage  comes  from  several  lines  of  evidence.  It  has 
been  shown  that  plasma  vasopressin  concentration  increases  markedly  in 
response  to  hemorrhage  (187-190).  Hypophysectomized  dogs  have  an  impaired 
ability  to  maintain  arterial  blood  pressure  following  hemorrhage  (191,192). 
Exogenously  administered  vasopressin  resulting  in  plasma  levels  seen  during 
hemorrhage  can  increase  blood  pressure  (189,190,193,194).  Pharmacological 
blockade  of  vasopressin  in  anesthetized  spinal  anflexic  dogs  impairs  mainte¬ 
nance  of  blood  pressure  during  hemorrhage  to  the  same  extent  as  does  hypo- 
physectomy  (192).  Most  important,  in  unanesthetized  dogs,  Schwartz  and  Reid 
have  demonstrated  that  blockade  of  vasopressin  results  in  hypotension  follow¬ 
ing  mild  hemorrhage,  which  without  vasopressin  blockade  does  not  result  in 
hypotension  (181).  Anesthetized  rats  genetically  deficient  of  biologically 
active  vasopressin  (Bra ttleboro)  (204-207)  recover  from  hemorrhage  less 
rapidly  than  do  other  strains  of  rats  with  active  vasopressin.  Chemical 
blockade  of  vasopressin  in  the  normal  anesthetized  rat,  likewise  causes  slower 
recovery  from  hemorrhage  (207). 

There  have  been  no  similar  reports  of  investigations  in  unanesthetized, 
intact  animals  bled  to  a  greater  extent,  sufficient  to  result  in  hypotension. 
Thus,  the  importance  of  vasopressin  in  compensation  for  moderate  or  severe 
hemorrhage  is  not  known.  We  now  have  preliminary  data  which  indicates  that 
the  role  for  vasopressin  in  compensation  for  moderate  hemorrhage  is  of  criti¬ 
cal  importance,  and  appears  to  be  of  greater  importance  than  the  sympatho¬ 
adrenal  or  renal-angiotensin  systems  (195). 

Despite  the  important  role  of  vasopressin  in  cardiovascular  regulation 
(180),  little  is  known  of  the  effects  of  anesthetics  on  vasopsressin  secretion 
and  action.  Because  of  the  uncertain  effects  of  anesthetic  agents  on 
vasopressin  levels,  in  a  recent  authoritative  review  of  vasopressin's  role  in 
cardiovascular  regulation,  Cowley  rejected  all  data  obtained  from  anesthetized 
animals  (180). 

There  have  been  several  reports  of  vasopressin  levels  in  man,  during 
anesthesia,  and  surgery  (196-200).  Unfortunately  all  patients  had  significant 
cardiac  disease,  for  which  they  were  undergoing  cardiac  surgery.  All  groups 
were  small  in  number,  all  patients  had  no  fluid  overnight,  most  were  being 
treated  with  propanalol,  all  were  premedicated  with  a  variety  of  drugs,  and 
the  initial  assessment  of  plasma  vasopressin  concentration  was  made  after 


insertion  of  venous,  systemic  arterial  and  pulmonary  arterial  cannulae.  In 
most  instances,  anesthesia  per  se  had  no  statistical  effect  on  vasopressin 
levels,  and  only  high-dose  morphine,  alfentanil,  and  sufentanil  prevented  an 
increased  plasma  AVP  level  with  surgery.  Of  course,  there  were  no  controls 
consisting  of  patients  undergoing  surgery  without  any  anesthetic,  so  it  is  not 
possible  to  determine  if  the  other  anesthetics  attenuated  the  vasopressin 
response  to  surgery.  These  investigators  were  all  interested  in  plasma  levels 
of  vasopressin  as  some  sort  of  an  indicator  of  "stress",  and  despite  the  now 
known  importance  of  vasopressin  in  cardiovascular  regulation,  none  calculated 
changes  in  systemic  vascular  resistance  (they  did  occur  as  best  as  I' can  cal¬ 
culate  from  the  data  published)  or  discussed  its  importance. 

Although  these  reports  measured  plasma  AVP  concentrations,  there  are  no 
reports  of  experimental  testing  of  whether  anesthetic  agents  influence  the 
cardiovascular  actions  of  vasopressin. 

There  exists  only  a  single  report  that  concerned  itself  with  the  question 
of  whether  anesthetic  agents  alter  vasopressin  response  to  hemorrhage  (202). 
Unfortunatelyvthis  work  was  performed  before  the  advent  of  radioimmunoassay, 
and  thus  utilized  an  insensitive,  non-specific,  and  unreliable  biological 
assay.  Furthermore,  animals  were  first  anesthetized  and  then  bled.  Thus,  the 
effect  of  anesthetics  on  existing  compensation  for  hemorrhage  (the  crucial 
question  when  inducing  anesthesia  xn  a  hypovolemic  individual)  was  not  tested. 
Finally,  none  of  the  anesthetics  tested  (ether,  pentobarbitol,  urethane, 
chloralose,  and  ethanol)  would  be  used  today  clinically. 

Prior  to  the  initiation  of  this  contract  there  was  no  scientifically 
derived  information  regarding  the  actions  of  anesthetic  agents  when  used  for 
induction  of  anesthesia  in  a  hypovolemic  condition.  The  work  described  in 
this  report  represents  efforts  to  delineate  the  interactions  of  anesthetic 
agents  and  cardiovascular  control  mechanisms  and  effects  during  significant 
hypovolemia . 
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B.  Approach: 


I.  Comparison  of  ketamine,  thiopental,  enflurane,  halothane,  and  isoflu- 
rane  for  induction  of  anesthesia  during  moderate  hypovolemia. 


Young  domestic  swine  (Ches ter-White-Yorkshire  mix  breed;  18-21  kg)  are 
being  used  to  investigate  the  cardiovascular  and  metabolic  response  to  induc¬ 
tion  of  anesthesia  during  hypovolemia.  We  use  swine  because  (a)  dogs  are 
becoming  increasingly  difficult  to  obtain  for  purposes  of  research;  (b)  swine 
are  readily  available  in  nearly  uniform  size;  (c)  the  cardiovascular  system  of 
swine  more  closely  resembles  man  than  does  that  of  the  dog;  (d)  swine  hemor¬ 
rhage  models  have  been  used  successfully  by  others.  Although  we  were  not 
aware  of  it  at  the  initiation  of  this  project,  Hannon  at  the  Letterman  Army 
Institute  of  Research  has  had  good  results  bleeding  awake  swine  of  approxi¬ 
mately  the  same  size  we  use  (104-105).  His  animals  have  been  bled  by  as  much 
as  50%  of  their  estimated  blood  volume  while  unanesthetized  and  unrestrained, 
von  Engelhardt  reviewed  the  cardiovascular  parameters  of  swine,  although  much 
of  the  data  was  accumulated  in  anesthetized  animals  (106).  Awake  swine  have 
been  used  to  investigate  renal  blood  flow  at  rest  and  during  exercise  (107), 
capillary  flow  during  hemorrhagic  shock  (108),  humoral  response  to  hemorrhage 
(109-110),  and  myocardial  metabolism  after  hemorrhage  (111).  The  anesthetized 
pig  has  been  used  for  a  variety  of  studies,  including  hemorrhage  (112-118), 
efficacy  of  stromai-free  hemoglobin  (119),  and  myocardial  effects  of 
anesthetic  agents  (120). 


Our  animals  are  first  briefly  anesthetized  with  an  inhalation  agent  to 
allow  for  placement  of  peripheral  venous,  arterial,  and  thermis tor- tipped  pul¬ 
monary  arterial  cannulae.  The  trachea  is  intubated,  the  animal  paralyzed  and 
ventilated  with  a  tidal  volume  of  20  ml/kg,  and  ventilatory  rate  adjusted  to 
maintain  arterial  PCO2  at  40  torr. 

Inspired  partial  pressure  of  oxygen  (Pj_02)  is  adjusted  to  maintain  par¬ 
tial  pressure  of  oxygen  in  arterial  blood  (Pa02)  at  approximately  150  torr. 

The  balance  of  inspired  gas  is  nitrogen.  End-tidal  partial  pressures  of  O2, 
CO2,  N2,  N2O,  isoflurane,  enflurane,  and  halothane  are  monitored  at  the  endo¬ 
tracheal  tube  orifice  by  mass  spectroscopy..  The  pig  is  paralyzed  with  metocu- 
rine,  0.2  mg/kg  IV,  and  supplemented  as  required.  Metocurine  is  used  because 
of  its  lesser  cardiovascular  effects  when  compared  with  pancuronium,  gallam- 
ine,  or  d- tubocurarine  (121).  A  percutaneous  venous  catheter  is  placed  in  a 
forelimb,  and  a  catheter  is  threaded  through  the  superficial  femoral  artery 
into  the  abdominal  aorta.  A  thermis ter- tipped ,  flow-directed,  triple-lumen 
catheter  is  introduced  percutaneous ly  just  above  the  suprasternal  notch 
through  the  Innominate  vein  into  the  pulmonary  artery.  Placement  is  verified 
by  pressure  trace  and  the  ability  to  obtain  pulmonary  arterial  (capillary) 
wedge  pressure.  Throughout  these  experiments,  each  swine's  temperature  (meas¬ 
ured  by  the  PA  catheter  thermistor)  is  maintained  within  +  1  C°  of  the 
animal's  original  temperature.  Following  placement  of  all  cannulae  and  elimi¬ 
nation  of  anesthetic  agents  by  continued  ventilation,  measurements  are  made  in 
the  normovolemic  condition.  Samples  are  withdrawn  from  the  femoral  arterial 
and  pulmonary  arterial  catheters  for  measurement  of  arterial  and  mixed  venous 
blood  gases,  pH,  and  oxygen  concentration.  Blood  gases  are  measured  by 
Radiometer  electrodes  in  Radiometer  steel-and-glass  cuvets;  pH  is  measured 
with  a  Sever inghaus-UC  electrode  (122),  all  thermostatically  controlled  at  37° 
C.  Oxygen  concentration  is  measured  by  an  electrolytic  cell  (Lex-O^-Con-TL) 


(123).  As  an  indicator  of  tissue  oxygenation,  blood  samples  are  also  with¬ 
drawn  for  the  measurement  of  lactate  and  pyruvate  concentrations.  To  assess 
each  anesthetic  agent's  influence  on  tlie  sympathetic  response  to  hemorrhage, 
blood  is  sampled  for  measurement  of  total  catecholamine,  epinephrine,  and 
norepinephrine  concentrations  (124).  To  assess  experimental  effects  on  the 
renin-angiotensin  system,  arterial  blood  is  sampled  for  assay  of  plasma  renin 
activity  (125).  Femoral  arterial  and  pulmonary  arterial  blood  pressures  are 
continuously  transduced  by  Statham  23Db  transducers.  Pulmonary  arterial  wedge 
pressure  is  measured  by  inflation  of  thie  balloon  of  the  pulmonary  arterial 
catheter.  Right  atrial  pressure  is  measured  via  the  proximal  lumen  of  the 
same  catheter.  Cardiac  output  is  estimated  by  a  thermodilution  technique, 
injecting  3  ml  of  0°  C  0.9%  saline  through  the  pulmonary  arterial  catheter, 
and  using  an  analog  computer  (Edwards  Laboratories  Model  9520A) .  Electrocar¬ 
diogram  is  constantly  monitored. 

The  following  variables  are  recorded  on  a  multi-channel  polygraph:  par¬ 
tial  pressures  of  oxygen,  carbon  dioxide,  nitrous  oxide,  enflurane,  isoflu- 
rane,  and  halothane  at  the  tracheostomy  tube  orifice;  femoral  and  pulmonary 
arterial  blood  pressures  (phasic;  mean  pressures  are  electrically  generated  by 
the  pre-amplifier;  pulmonary  arterial  wedge  pressure  and  right  atrial  pressure 
are  recorded  on  the  same  channel  as  phasic  and  mean  pulmonary  artery  pres¬ 
sure);  electrocardiogram;  thermodilution  trace  from  the  PA  catheter 
thermis tor--necessary  to  ensure  that  the  washout  is  logarithmic  and  that  the 
computer-derived  cardiac  output  value  is  valid.  Prom  these  measurements,  the 
following  are  calculated:  base-excess  (126-127),  stroke  volume,  mean  arterial 
and  pulmonary  pressure,  stroke  and  minute  myocardial  work,  systemic  and  pul¬ 
monary  vascular  resistances,  total-body  oxygen  consumption  (cardiac  output  x 
^a"V^2^*  oxygen  transport,  and  ratio  of  oxygen  transport  to  oxygen  consump¬ 
tion.  Following  these  measurements,  the  pig  is  bled  during  a  30-minute  period 
of  30%  of  its  blood  volume  (106)  through  the  arterial  catheter  into  a  transfer 
pack  containing  heparin  so  that  the  final  concentration  of  heparin  is  1  unit 
heparin/ml  of  blood.  After  a  minimum  of  30  minutes,  all  measurements  are 
repeated.  Thus,  we  evaluate  each  swine  awake  in  the  normovolemic  condition, 
and  following  30%  hemorrhage. 

Each  pig  is  randomly  assigned  to  one  of  the  anesthetic  groups  listed 
below.  With  the  animal  hypovolemic,  we  then  induce  anesthesia  with  one  of  the 
following: 


Group  1: 


Control;  no  anesthetic  agent  administered 


Group  II:  Enflurane,  1.25%  end-tidal 

Group  III:  Halothane,  0.50%  end-tidal 

Group  IV:  Isoflurane,  0.85%  end-tidal 

Group  V:  Nitrous  oxide,  60%  end-tidal 

Group  VI:  Ketamine  (for  IV  dose,  see  below) 

Group  VII:  Thiopental  (for  IV  dose,  see  below) 


The  concentrations  of  inhalation  agents  have  been  selected  to  be  slightly 
greater  than,  one-half  the  required  minimal  alveolar  concentration  in  the  nor¬ 
movolemic  animal  [hypotension  reduces  anesthetic  requirement  (128,154,155)]. 
The  doses  of  injectable  agents  (thiopental  and  ketamine)  are  established  in 
the  following  manner.  Twenty-four  to  46  hours  before  experimentation,  with 
the  pig  (normovolemic)  resting  quietly  in  a  sling,  the  amount  of  intravenous 
agent  required  to  produce  loss  of  lid  and  corneal  reflexes  and  loss  of 
response  to  ear-pinch  is  determined.  The  dose  used  for  induction  of 
anesthesia  during  hypovolemia  is  one-half  the  dose  established  during  normo¬ 
volemia  24-48  hours  previously.  Ear-pinch  following  induction  with  this  dose 
during  hypovolemia  has  failed  to  elicit  any  response. 

End-tidal  gas  partial  pressures,  systemic  and  pulmonary  artery  pressures, 
and  ECG  are  continuously  recorded  during  induction.  Qp,  PAP^,,  and  RAP  are 
measured  every  5  minutes  during  induction  of  anesthesia. 

All  measurements,  calculations,  and  blood  samplings  (as  indicated  above 
for  the  awake  conditions)  are  performed  at  5  and  30  minutes  after  induction  of 
anesthesia.  In  this  way,  both  the  transient  and  quasi  steady-state  conditions 
are  assessed. 

Following  these  measurements,  shed  blood  is  returned,  and  after  30 
minutes,  all  measurements,  samplings,  and  calculations  are  repeated. 

Anesthesia  is  then  discontinued  and  measurements  and  calculations  repeated  30 
minutes  after  the  elimination  of  the  anesthetic  agent. 

This  experimental  approach  will  allow  us  to  show  the  influence  of  time 
(physiologic  compensation,  or  deterioration,  if  any)  on  the  preparation  by 
comparison  of  data  obtained  during  the  course  of  experimentation  within  the 
control  group,  and  by  comparison,  within  each  anesthetic  group,  of  the  awake 
normovolemic  values  prior  to  hemorrhage  with  similar  values  after  return  of 
shed  blood  and  elimination  of  anesthetic  agents. 

The  data  will  show  the  comparative  cardiovascular  influence  of  anesthetic 
agents  used  for  induction  of  anesthesia  during  significant  hypovolemia. 

These  results  will  allow  us  to  provide  recommendations  to  USAMRDC  regard¬ 
ing  choice  of  anesthetic  agents  fot  use  for  induction  of  anesthesia  in  a 
wounded  soldier  who  is  hypovolemic,  and  whose  blood  volume  cannot  be  ade¬ 
quately  restored  prior  to  surgery. 

Statistical  Trea tment  of  Da ta;  Cardiovascular  and  metabolic  variables 
among  anesthetic  agents  and  the  control  group  will  be  compared  using  analysis 
of  variance  with  repeated  measures,  and  Neuman-Keuls  method  of  multiple  com¬ 
parisons  (129).  Similar  statistical  tests  will  be  performed  to  compare  the 
awake  hypovolemic  with  the  anesthetized  hypovolemic  state,  as  well  as  the 
awake  normovolemic  with  the  awake  hypovolemic  state.  These  tests  will  be  con¬ 
ducted  as  the  series  of  experiments  progresses,  and  the  experiments  will  be 
terminated  upon  achieving  statistical  significance  (P  <  0.05)  among  anesthetic 
agents,  thus  affording  the  possibility  of  using  fewer  than  the  stated  number 
of  animals. 
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2 .  Swine  blood  acid-base  chemis try; 

In  order  to  appropriately  evaluate  the  metabolic  sequelae  of  subsequent 
experimentation,  we  required  information  regarding  swine  blood  acid-base  chem¬ 
istry. 

We  were  unable  to  find  this  information  in  the  literature.  Although  we 
lacked  information  indicating  specific  differences  in  acid-base  parameters 
between  human  and  experimental  animal  blood,  we  were  not  especially  concerned 
until  the  report  of  Scott  Emuakpor  et  al.  (161),  which  indicated  differences 
between  human  and  canine  blood  in  the  hemoglobin- independent  plot  of  .  log  Pc02 
against  pH.  Those  findings  and  our  need  to  characterize  the  acid-base  status 
of  swine  blood  led  to  these  inves tiga tions.  As  a  result,  acid-base  curve  and 
alignment  nomograms  were  constructed  for  swine  blood,  and  the  methodology  used 
for  their  construction  was  reappraised. 


Collection  and  Handling  of  Blood 


Four  studies  were  performed;  each  study  used  the  blood  of  a  different 
pig.  Each  pig's  blood  was  handled  in  a  similar  fashion.  Pigs  were  anesthe¬ 
tized  with  thiopental,  and  330  ml  of  arterial  blood  was  tollected  in  heparin 
(33  units/ml  blood).  Whole  blood  was  centrifuged  and  three  red  blood  cell 
dilutions  (to  packed  cell  volumes  of  approximately  9,  27,  and  A5%)  were 
prepared  from  the  separated  red  blood  cells  and  plasma.  A  sample  of  well- 
mixed  original  whole  blood  and  samples  of  each  dilution  were  placed  in  ice  for 
later  determination  of  total  protein  (162),  hemoglobin  (162)  2,3- 
diphospoglycera te  (163)  and  methemoglobin  (164)  concentration.  Blood  samples 
were  prepared  in  duplicate  at  base  excesses  (BE)  of  -25,  -20,  -15,  -10,  -5,  0, 
+5,  +15  and  +20  mEq/1  at  each  of  the  three  hemoglobin  concentrations  (a  total 
of  60  samples)  by  adding  100  ^1  of  working  acid  or  base  solution  (see  below) 
to  3.9  ml  of  blood.  To  prevent  red  cell  lysis,  blood  samples  were  briefly 
centrifuged  at  low  speed,  and  the  acid  or  base  solution  was  added  to  the  swir¬ 
ling  supernatant  plasma.  Samples  were  then  gently  but  thoroughly  mixed. 

Blood  preparation  was  followed  by  tonometry  and  measurement  of  pH.  One  member 
of  each  pair  of  blood  samples  was  equilibrated  for  7  min  in  an  Instrumentation 
Laboratories  Model  213  tonometer  with  a  gas  mixture  of  2.12%  CO2  in  O2;  the 
other  member  of  the  pair  was  similarly  equilibrated  with  a  gas  mixture  of 
9.607.  CO2  in  O2.  The  gas  mixtures  had  been  previously  analyzed  in  triplicate 
using  the  method  of  Scholander  (165).  (When  these  gas  flows  and  concentra¬ 
tions  and  blood  volumes  were  used  in  preliminary  experiaients ,  equilibration  of 
blood  with  CO2  was  achieved  within  4-5  min.) 

We  measured  pH  using  a  Sever inghaus-UC  electrode  (122)  thermostati¬ 
cally  controlled  at  3b.8°C,  and  a  Lorenz  Model  3  DBM-3  amplifier.  The  pH 
electrode  was  calibrated  with  precision  reference  buffers  (pH  6.839  and  7.379 
at  38.8°C,  Radiometer,  3-ml  sealed  glass  ampules).  Electrode  calibration  was 
checked  with  the  7.379  buffer  before  and  after  each  blood  sample  reading. 
Measurements  were  performed  in  duplicate  with  a  maximal  allowable  difference 
between  the  two  determinations  of  O.t,  3  pH  units.  The  mean  (+  SD)  of  the 
difference  between  the  paired  reading  for  all  samples,  calculated  without 
respect  to  sign,  was  0.001  +  0.001  pH  units.  Measurements  of  pH  were 
corrected  for  red  cell  suspension  effect  (166,  167).  Carbon  dioxide  partial 
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pressure  was  measured  in  duplicate  using  a  CO2  electrode  (Radiometer  E5036)  in 
a  steel-and-glass  cuvet  (Radiometer  D616)  thermostatically  controlled  at 
38.8  C.  The  electrode  was  calibrated  with  gas  mixtures  analyzed  in  triplicate 
using  the  method  of  Scholander  (165).  A  reading  of  a  standard  gas  with  a  PCO2 
close  to  that  expected  for  the  blood  sample  was  taken  before  and  after  each 
blood  sample  reading.  Blood  CO2  tensions  were  systematically  measured  to 
ensure  equilibration  of  blood  with  CO2.  Mean  (+  SD)  difference  between  meas¬ 
ured  and  expected  blood  PCO2  (calculated  without  regard  to  sign)  was  0.88  + 
0.27  torr  at  Pqq^  67.9  torr.  Readings  for  pH  and  PCO2  corrected  for 

electrode  drift. 

Preparation  and  Standardization  of  Acid  and  Base  Solutions 

A  1.0  N  solution  of  Na2C03  (100%,  certified  alkalimetric  standard, 
Fischer  Scientific  Co.)  was  prepared  and  used  to  standardize,  by  titration, 
what  we  determined  to  be  a  stock  solution  of  1.01  N  HCl.  The  1.01  N  HCl  was 
used  as  a  titrant  for  a  stock  solution  of  what  we  determined  to  be  1.03  N 
NaHC03.  Concentrations  of  0.2  N,  0.4  N,  0.6  N  and  0.8  N  acid  and  base  working 
solutions  were  prepared  volumetrically  from  the  stock  solutions.  All  working 
solutions  were  titrated  as  described  above.  All  titrations  were  repeated 
after  completion  of  the  bench  laboratory  work  reported  here;  no  differences 
were  noted  between  determinations  made  before  and  after  these  experiments. 

Data  Analysis 

The  data  generated  for  each  pig  resulted  in  three  sets  of  values 
(one  for  each  concentration  of  hemoglobin).  Each  set  contained  values  for  pH 
and  PCO2  blood  samples  at  each  base  excess  (0  to  20  mEq/ 1  of  acid  or  base 
added).  However,  since  the  base  excess  of  the  blood  drawn  from  the  animal  was 
not  necessarily  zero,  the  data  were  "normalized"  to  correct  for  any  small 
acid-base  imbalance  at  the  time  of  sampling.  To  accomplish  this,  Siggaard- 
Andersen  and  Engel  (168,  169)  plotted  constant  CO2  titration  curves  (pH  vs. 
acid  or  base  added)  at  both  carbon  dioxide  tensions  for  each  hemoglobin  ZFn- 
centration.  They  curve-fit  their  data  by  eye  and  hand,  and  similarly  shifted 
the  axis  for  the  added  acid  or  base  so  that  zero  corresponded  to  pH  7.400  for 
the  PCO2  torr  curve  (0.  Siggard-Andersen,  personal  communication). 

In  following  their  methodology,  we  noticed  that  minor  differences  in 
curve-fitting  and  shifting  the  data  "by  eye"  resulted  in  relatively  large 
differences  in  the  final  nomograms.  Unable  to  arbitrarily  resolve  these 
observed  differences,  we  used  precise  mathematical  and  graphical  techniques 
which  were  implemented  by  a  computer. 

For  each  concentration  of  hemoglobin,  we  calculated  regression 
coefficients  using  a  forward  stepwise  (with  a  backward  glance)  selection 
procedure  (170)  to  fit  the  model: 

pH  =  (C3+C2*BE+C3*BE2+C4*BE^+C5*BE'^)*log  Pco-j+ 
C(,+C7*BE+C8*Be2+C9Be3+C3o*BE^ 

This  model  has  the  following  properties:  a)  for  any  given  BE  the 
relationship  between  pH  and  log  FCO2  linear;  b)  the  slope  and  intercept  of 
this  relationship  may  vary  non-linearly  with  BE;  and  c)  for  each  concentration 
of  hemoglobin,  the  calculated  coefficients  define  a  model  that  fits  the  data 
with  high  statistical  significance  (R^  >  0.99). 
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For  each  level  of  hemoglobin,  the  equation  was  normalized  to  a  pH  of 
7.400  for  a  BE  of  zero  and  a  PCO2  40.0  torr,  Orr  e_t  a_l .  (171)  in  six  awake 
chronically  _ca the  ter ized  swine.  These  investigators  measured  Paco2  as  38  torr 
and  pHg  as  7.43  (BE  less  than  1  mmol/1).  This  seemed  sufficiently  close  to 
the  human  standard  of  PCO2  torr  and  pH  of  7.40  to  retain  these  values 

for  BE  =  0  for  the  purpose  of  nomogram  construction.  This  "normalization"  was 
accomplished  by  solving  each  deri.ed  regression  for  BE  at  pH  =  7.4  and  PCO2  “ 
40  torr  using  the  Jenkins-Traub  three-stage  algorithm  (172).  The  result, 
BEgrror*  represented  the  deviation  of  the  acid-base  status  of  the  animal  from 
zero  at  the  time  the  blood  was  drawn.  Values  for  the  amount  of  acid  or  base 
added  (BE)  were  then  adjusted  (shifted)  by  the  amount  of  BE^j-j.^^.  The  above 
regression  model  was  then  refit  using  the  shifted  BE  values. 

Curve  nomogram.  Using  the  equations  resulting  from  the  above  curve¬ 
fitting  procedure,  we  calculated  the  relationship  between  pH  and  log  PCO2 
each  of  the  three  concentrations  of  hemoglobin  at  each  level  of  BE. 
Siggaard-Andersen  and  Engel  (169)  stated  that  for  each  level  of  BE  there  exist 
a  single  p<i  and  PCO2  that  are  independent  of  hemoglobin  concentration.  There¬ 
fore,  for  each  level  of  BE,  the  three  lines  calculated  above  should  intersect 
at  a  single  point.  Brodda  (173)  has  calculated  that  this  can  only  occur  if 
shifts  in  water  between  the  red  blood  cell  and  plasma  that  result  from  changes 
in  pH  are  taken  into  account.  Experimentally,  the  three  iso-  hemoglobin  lines 
at  each  level  of  BE  result  in  three  intersections.  Several  approaches  are 
possible  when  approximating  the  hemoglobin-independent  point  by  computer.  For 
example,  the  three  points  of  intersection  could  be  averaged.  However,  this 
method  can  be  shown  to  be  subject  to  large  error  when  two  of  the  hemoglobin 
lines  are  nearly  parallel.  Other  simple  methods  of  approximation  are  simi¬ 
larly  subject  to  error.  At  the  expense  of  being  more  complex  and  cumbersome, 
our  approach  avoided  this  potential  error. 

We  approximated  the  hemoglobin-independent  point  by  calculating  the  point 
which  minimized  the  mean  square  difference  in  pH  and  in  log  1*002  between  the 
point  and  the  three  buffer  slope  (isohemoglobin)  lines.  Intuitively,  such  a 
point  would  be  the  point  requiring  the  smallest  change  in  the  projection  of 
the  three  hemoglobin  lines  in  order  to  produce  a  common  intersection.  We 
derived  this  point  in  the  following  fashion. 

Let  (pHj[nd>  ^COt  )  bhe  Hb- independent  point. 

Let  m^  and  b^,  i  =  3  be  the  slopes  and  intercepts  of  the  three 

linear  relationships  calculated  from  the  regression  model  for  a  given  BE 
( i . e . ,  pH  =  m^  log  PCO2  +  bj).  Solve  the  following  set  of  equations  for  pHind 
and  log  Pco-.  : 

‘ind 
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A  curve  nomogram  was  then  plotted  by  connecting  the  hemoglobin- independent 
points  for  a  series  of  BE  values. 

Alignment  nomogram.  Curve-shifted  data  were  used  for  a  comput-  erized 
construction  of  the  alignment  nomogram,  in  a  manner  similar  to  that  described 
by  Siggaard-Andersen  (174). 

"Mean"  Pig 

For  each  pig,  the  previously  derived  regression  equations  (one  for  each 
concentration  of  hemoglobin)  were  used  to  calculate  pH  values  at  each  standard 
PcOt I  3t  each  standard  base  excess.  The  resulting  four  pH  values  (one  per 
pig;  at  each  Pcqt*  concentration  of  hemoglobin  were  averaged,  thus  pro¬ 

ducing  a  set  of  data  representing  the  "mean"  pig.  Raw  data  could  not  be  used 
for  this  purpose  because  the  base-excess  values  of  the  sampled  blood  differed 
slightly  among  pigs,  thus  requiring  differing  degrees  of  "curve-  shifting"  to 
achieve  "normalization".  "Mean"  pig  data  were  then  handled  as  if  they  were 
from  a  single  pig,  and  the  above  described  analysis  was  performed.  The  result 
was  separate  "mean"  curve  and  alignment  nomograms. 


3.  Determination  of  anesthetic  dose  of  ketamine  or  thiopental,  in  hypovolemic 
swine . 

The  need  for  this  study  was  suggested  following  the  presentation  of  data 
from  study  tfl  to  our  departmental  research  seminar.  Although  the  minimal 
anesthetic  doses  of  ketamine  and  thiopental  are  well  described  in  man  and 
animals  during  normovolemia,  the  data  do  not  exist  for  the  hypovolemic  state. 
If  hypovolemia  causes  the  minimal  required  doses  of  anesthetic  agents  to  be 
altered  differently  among  agents,  results  from  study  #1  would  be  difficult  to 
interpret.  We  therefore  conducted  the  following  study  to  determine  the 
minimal  anesthetic  doses  of  thiopental  and  ketamine  in  our  hypovolemic  model. 

Eight  swine  (Ches ter-Whi te-Yorkshire  cross)  littermates  (mean  weight  + 

SE) ,  15.3  +  0.4  kg)  were  divided  into  four  pairs  on  the  basis  of  similarity  in 
weight.  One  of  each  pair  was  randomly  assigned  to  receive  thiopental  (group 
T)  or  ketamine  (group  K).  All  animals  were  in  good  health  for  each  study. 

Animals  were  anesthetized  four  times  while  normovolemic,  at  least  two 
days  separating  each  study.  Dnmedicated  animals  were  placed  in  a  sling,  and  a 
cannula  was  inserted  into  an  ear  vein.  In  random  order,  on  four  separate 
occasions,  group  K  animals  were  given  ketamine  12.5,  15,  17.5,  or  20  mg/kg  iv. 
Group  T  animals  were  given  thiopental  7.5,  10,  12.5,  or  15  mg/kg  iv.  Eventu¬ 
ally,  each  animal  received  all  four  doses. 

Animals  were  anesthetized  four  times  while  hypovolemic,  one  week  separat¬ 
ing  each  study.  Unuedicated  animals"were  anesthetized  briefly  with  halothane 
in  oxygen  and  nitrogen  while  arterial  and  venous  cannulae  were  inserted. 
Arterial  blood  samples  were  obtained;  and  PO2,  PCO2,  and  pH  measured  by 
appropriate  electrodes.  Arterial  blood  pressure  was  transduced  (Statham  Model 
23Db)  and  recorded  (Gould  Model  2800  polygraph).  Halothane  was  discontinued, 
the  animal  allowed  to  awaken,  and  placed  in  a  sling.  Further  experimentation 
was  delayed  until  the  end-tidal  partial  pressure  of  halothane,  as  measured  by 
mass  spectroscopy,  fell  to  less  than  0.5  torr  (0.05  MAC).  To  prevent  hypoxia 
during  and  after  blood  loss,  animals  were  given  1-2  1/min  oxygen  by  mask. 

Each  animal  was  bled  by  30%  of  its  estimated  blood  volume  (106)  over  a  30-min 
period.  To  ensure  stability,  30  min  of  observation  followed.  In  random 
order,  on  four  successive  weeks,  group  K  animals  received  one  of  four  IV  doses 
of  ketamine;  2.5,  5,  7.5,  or  10  mg/kg  IV;  group  T  animals  received  thiopen¬ 
tal,  5,  7.5,  10,  or  12.5  mg/kg  IV.  Eventually  each  animal  again  received  all 
four  doses. 

Following  the  administration  of  each  drug  in  either  the  normovolemic  or 
hypovolemic  state,  the  animal's  response  ( i . e . ,  movement  or  lack  of  movement) 
to  a  clamp  on  the  tail  was  determined.  Tail-clamp  tests  were  performed  10, 

20,  30,  45,  60,  90,  120,  180,  240,  and  300  sec.  after  drug  administration. 

The  data  obtained  will  be  useful  in  evaluating  the  data  from  study  ifl.  In 
addition,  the  data  will  be  useful  to  the  practicing  anesthetist,  who  must 
administer  these  drugs  to  a  hypovolemic  soldier.  These  results  will  allow  us 
to  provide  recommendations  to  USAMRDC  regarding  the  dose  of  these  anesthetic 
agents  for  use  for  induction  of  anesthesia  in  a  wounded  soldier  who  is  hypo¬ 
volemic,  and  whose  blood  volume  cannot  be  adequately  restored  prior  to  sur¬ 
gery. 

Statistical  Treatment  of  Data:  Responses  to  clamp  on  the  tail  were 
analyzed  statistically  using  the  method  of  Waud  (131).  In  addition,  the 


maximum  dose  of  drug  which  failed  to  prevent  movement  in  each  individual 
animal  and  the  minimum  dose  of  drug  which  prevented  the  animal  from  moving  was 
averaged  for  each  animal.  This  average  for  the  four  animals  in  each  group 
were  compared  between  normovolemic  and  hypovolemic  states  by  using  student^s 
t-test.  Differences  between  the  two  states  were  compared  for  the  two  drugs, 
using  student's  t-test. 


4.  Determination  of  minimal  alveolar  anesthetic  concentration  (MAC)  of 
halothane  and  nitrous  oxide,  in  swine 

In  ordex  to  perform  study  #5  described  below  (comparison  of  cardiovascu¬ 
lar  sequelae  of  induction  of  anesthesia  with  nitrous  oxide  or  halothane,  in 
swine)  it  was  first  necessary  to  carefully  determine  equivalent  anesthetic 
concentration  of  these  agents  in  our  animal  model.  Although  MAC  has  been 
determined  for  man  and  many  laboratory  animals  for  both  nitrous  oxide  and 
halothane  (132),  it  has  not  been  previously  determined  in  swine.  MAC  for  the 
same  anesthetic  agent  differs  to  a  fair  extent  among  species  (132)  and  assump¬ 
tion  of  an  average  concentration  for  use  in  study  5  could  create  errors  suffi¬ 
ciently  large  to  invalidate  the  study.  We,  therefore,  de termined , MAC  for 
nitrous  oxide  and  halothane  in  swine. 

Eight  young,  healthy  swine  (weight  24.7  +1.1  kg,  mean  +  S.E.;  age 
approximately  10  weeks)  were  anesthetized,  in  random  order,  with  either 
halothane  in  30%  oxygen,  balance  nitrogen,  or  with  halothane,  70%  nitrous 
oxide  and  30%  oxygen.  The  trachea  was  intubated,  and  the  animal  allowed  to 
breathe  spontaneously  while  in  the  lateral  decubitus  position.  Partial  pres¬ 
sures  of  oxygen,  carbon  dioxide,  nitrous  oxide,  and  halothane  were  measured 
continously  by  mass  spectrocopy  (Perkin-Elmer  model  MGAllOOAB)  at  the  endotra¬ 
cheal  tube  orifice.  Rectal  temperature  was  measured  with  a  thermister  (Yellow 
Springs)  and  MAC  determined,  as  described  below.  The  anesthetic  was  then 
changed  by  either  the  addition  or  elimination  of  nitrcus  oxide,  and  MAC  deter¬ 
mined  again.  When  nitrous  oxide  was  eliminated,  we  waited  until  its  end-tidal 
partial  pressure  fell  to  less  than  0.23  torr  before  continuing  experimenta¬ 
tion  . 

MAC  was  determined  in  a  manner  similar  to  that  described  by  Eger  and 
Saidman  (133).  Briefly,  following  each. change  in  anesthetic  concentration, 
end-tidal  partial  pressure  was  held  constant  for  a  minimum  of  15  minutes.  A 
clamp  was  placed  on  the  tail  of  the  animal.  The  animal's  response  (movement 
or  no  movement)  to  the  stimulus  was  noted.  If  the  animal  moved,  anesthetic 
concentration  was  increased  by  approximately  5-10%  of  its  concentra ton.  If 
the  animal  did  not  move,  anesthetic  concentration  was  decreased  by  a  similar 
amount.  When  a  concentration  was  eventually  reached  for  which  the  animal's 
response  changed,  changes  in  anesthetic  concentration  were  diminished  so  that 
the  concentration  of  halothane  at  which  the  animal  moved  did  not  differ  by 
more  than  0.05%  halothane  from  the  concentration  at  which  the  animal  did  not 
move . 

When  N2O  was  used,  its  end-tidal  concentration  was  held  constant  at  70% 
(70.14  +  0,05%,  mean  +  S.E.).  The  MAC  for  N2O  was  determined  by  difference, 
in  each  animal,  and  the  results  averaged.  To  determine  the  individual  MAC  for 
N2O,  the  concentration  of  N2O  was  multiplied  by  the  inverse  of  the  fraction  of 
a  MAC  for  halothane  which  the  N20  contributed  for  each  animal: 


where  is  the  MAC  for  nitrous  oxide,  in  %;  is  the  MAC  for  halothane,  in 
%>  ^u-Ki  is  the  MAC  for  halothane,  in  %,  in  the  presence  of  nitrous  oxide  at  a 
concentration  of  C^.  In  this  manner,  MAC  was  determined  for  each  animal,  and 
the  results  averaged. 

The  mass  spectrometer  was  calibrated  with  calibrated  tanks  of  halothane 
and  nitrous  oxide.  We  produced  the  halothane  standard  tank,  and  calibrated  it 
multiple  times  against  standards  made  by  vaporizing  a  measured  volume  of 
halothane  in  a  sealed  flask  of  known  volume.  The  calibration  tank  of  N2O  was 
commercially  produced  and  calibrated  (Liquid  Carbonics);  we  further  checked 
it  against  the  mass  spectrometer  calibrated  with  100%  N^O. 

Data  from  this  study  will  allow  us  to  use  the  appropriate  concentration 
of  anesthetic  agent  for  study  5. 
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5.  Evaluation  ot  nitrous  oxide  for  induction  of  anesthesia  during 
hypov  lo  leinia . 

The  purpose  o£  this  experiment  is  to  test  the  hypothesis  that  nitrous 
oxide  does  not  offer  any  cardiovascular  or  metabolic  advantage  over  other 
anesthetic  agents  when  used  for  induction  of  anesthesia  during  hypovolemia. 

Because  the  data  from  study  1/4  showed  the  minimal  alveolar  anesthetic 
concentration  of  nitrous  oxide  to  be  close  to  260%,  the  depth  of  anesthesia  in 
those  animals  given  nitrous  oxide  in  study  #i,  was  not  comparable  with  that  of 
other  groups.  Therefore,  the  following  experiment  will  be  performed.  The 
approach  is  the  same  as  for  study  ifl  described  in  this  report  (pages  16-17), 
except  for  the  groups  of  anesthetic  agents: 

Group  1:  Nitrous  oxide,  70% 

Group  II:  Halothane,  0.31% 

these  concentrations  ot  anesthetic  agents  are  equivalent,  i . e .  25%  MAC. 

The  data  from  this  experiment  will  show  the  comparative  cardiovascular 
influence  of  nitrous  oxide  with  halothane  when  used  for  induction  ot 
anesthesf'a  during  significant  hypovolemia-.  These  results  will  allow  us  to 
provide  recommendations  to  USAMRDC  regarding  choice  of  anesthetic  agents  for 
induction  of  anesthesia  in  a  wounded  soldier  who  is  hypovolemic,  and  whose 
blood  volume  cannot  be  adequately  restored  prior  to' surgery.  Should  nitrous 
oxide  not  prove  to  have  any  advantage  over  other  anesthetic  agents,  it  will 
further  allow  us  to  recommend  that  USAMRDC  recommend  to  the  appropriate  agency 
that  it  consider  the  cessation  of  supplying  nitrous  oxide  to  battlefield 
facilities,  (supplying  N2O  to  battlefield  facilities  represents  a  large 
logistical  burden). 


6.  Importance  of  the  renin-angiotensin  system  during  hypovolemia. 

As  we  began  our  pilot  studies  to  examine  the  interaction  of  anesthetic 
agents,  carbon  dioxide,  and  the  renin-angiotensin  system  with  hemorrhage,  it 
became  clear  to  us  that  the  animals  were  not  behaving  in  a  way  which  one  might 
expect  from  the  published  literature.  We  therefore  designed  and  conducted  the 
following  study  to  test  for  tlie  importance  of  the  renin-angiotensin  system 
during  hemorrhage. 

Ten  swine  were  studied.  They  were  briefly  anesthetized  and  prepared  as 
described  tor  study  i/1  in  this  report  (pages  15-17).  Following  elimination  of 
ail  anesthetic  agent,  variables  as  outlined  for  study  one  of  this  report  were 
measured  and  calculated.  These  measurements  and  calculations  were  repeated 
after  a  single  intravenous  dose  of  angiotensin  II  (100  nanograms  per  kilo¬ 
gram).  Saralysin  was  then  continuosuly  infused  (2  micrograms  per  kilogram  per 
minute)  for  10  minutes  and  measurements  and  calculations  repeated,  with  the 
infusion  continuing.  With  the  saralasin  infusion  continuing,  response  to  a 
second  dose  of  angiotensin  II  (100  nanograms  per  kilogram)  was  examined  and 
measurements  and  calculations  repeated.  In  this  manner  we  were  able  to  test 
tlie  normo/olemic  response  to  angiotensin  11,  and  to  saralasin;  and  to  demon¬ 
strate  the  effectiveness  of  saralasin  blockade  of  angiotensin  II  effects. 

Thirty  minutes  after  discontinuation  of  the  saralasin  infusion,  and 
demonstration  of  return  to  normal  values,  animals  were  bled  by  30%  of  their 
blood  volume  as  described  for  study  (fl  of  this  report  (pages  15-17)  and  meas¬ 
urements  and  calculations  performed.  Animals  were  then  again  given  the  same 
single  intravenous  injection  of  angiotensin  II  (100  nanograms  per  kilogram)  to 
demonstrate  the  effects  of  angiotensin  11  during  hemorrhage.  The  animals  were 
then  randomized  into  two  groups: 

Group  one:  saline  infusion 

Group  two:  saralasin  infusion 

Group  one  animals  were  then  infused  with  saline  (same  fluid  volume  rate 
as  group  two  animals)  for  a  period  of  ten  minutes.  Group  two  animals  were 
infused  for  the  same  period  of  time  with  saralasin  (2  micrograms  per  kilogram 
per  mintue).  Measurements  and  calculations  were  repeated.  Demonstration  of 
blockaue  of  effects  of  angiotensin  II,  or  of  lack  thereof,  was  accomplished 
with  another  injection  of  angiotensin  II  (lOU  nanograms  per  kilogram). 

Statistical  treatment  of  data:  Changes  in  systemic  vascular  resistance 
were  compared  for  each  injection  of  drug  by  paried  t-test,  and  for  the  same 
state  between  groups  one  and  two  by  unpaired  t-test. 

The  data  from  this  set  of  experiments  will  allow  us  to  quantitate  the 
importance  of  the  renin-angiotensin  system  during  hemorrhage  in  swine.  This 
data  is  essential  tor  investigations  into  the  mechanisms  of  action  of  how 
anesthetic  agents  cause  deterioration  of  an  animal's  compensation  for  hemor¬ 
rhage  . 
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C.  Results; 


i..  Awake  Hemorrhage: 

We  have  successfully  established  the  awake  hemorrhagic  swine  model  in  our 
laboratory.  Loss  of  30/.  of  estimated  blood  volume  results  in  physiologic 
sequelae  similar  to  those  occurring  in  other  laboratory  animals  and  man.  See 
table  1,  page  66.  Thirty  percent  hemorrhage  causes  decreased  right-and  left¬ 
sided  filling  pressures  (right  atrial  and  pulmonary  arterial  wedge  pressures), 
resulting  in  a  38%  uecrease  in  caruiac  output.  Despite  a  3  fold-increase  in 
plasma  renin  activity  and  a  doubling  of  plasma  catecholamine  concentration, 
resulting  in  increased  systemic  and  pulmonary  vascular  resistances,  compensa¬ 
tion  was  inadequate.  Mean  arterial  blood  pressure  fell  24%,  and  mean  pul¬ 
monary  arterial  pressure,  29%.  Total-body  oxygen  consumption  increased  sys^ 
temic  and  hypoperfusion  was  evident  from  increased  blood  lactate  concentration 
and  base-deficit  (decreased  base-excess) . 


and  Isof lurane  During  Indue tion  ot  Anesthedsia  During  Modera te  Hypovolemia : 
The  experimentation;  biochemical,  enzymatic,  ana  hormonal  assays;  and  data 
analyses  have  been  completed.  These  are  being  reported  in  an  abstract  (134) 
and  two  manuscripts  (see  addendum  h5,  and  appendices  1  and  2). 

a.  Induction  of  anesthesia  with  ketamine  or  thiopental  (see  table  2, 
pages  fci7-b6). 

Control  Animals;  After  the  initial  changes  caused  by  hemorrhage,  no  variable 
furtiier  changed  in  control  animals  during  the  hypovolemic  period. 

Five  tMinutes  after  Induction;  Five  minutes  after  administration  of  ketamine 
(F  <  0.05),  but  not  thiopental  (P  >  0.05),  plasma  epinephrine,  norepinephrine, 
and  renin  activity  had  increased.  Despite  these  differences  in  circulating 
vasoactive  agents,  ketamine  and  thiopental  producea  similar  changes  in  compen¬ 
satory  cardiovascular  responses  to  hemorrhage.  Systemic  vascular  resistance 
was  less  in  Groups  K  and  T  than  in  Group  C.  Neither  agent  changed  right-  or 
left-siced  cardiac  filling  pressures.  Although  ketamine  and  thiopental  signi¬ 
ficantly  decreased  heart  rate,  tlie  resulting  rates  did  not  differ  signifi¬ 
cantly  from  the  rate  for  Group  C.  Although  only  ketamine  decreased  stroke 
volume  (0.V5+U.12  to  0.70+0.10  ml/kg,  P<0.005),  the  resulting  values  did  not 
differ  among  groups.  Cardiac  output  decreased  similarly  in  Groups  K  and  T  to 
values  less  than  that  for  Group  C.  As  a  result,  mean  systemic  blood  pressures 
did  not  differ  between  Groups  K  and  T;  however,  both  groups  had  pressures  th.at 
were  less  than  those  for  Group  C.  Oxygen  consumption  did  not  differ  among  the 
groups,  but  whole-blood  lactate  concentrations  increased  similarly  in  Groups  k 
and  T. 

Thi r  ty  Minu  tes  after  Indue  tion;  Thirty  minutes  after  induction,  most 
values  had  recovered  towards  preanesthetic  levels  during  hypovolemia;  however, 
significant  differences  remained.  Plasma  epinephrine  concentration  was  still 
greater  in  Group  K  than  in  Groups  C  and  T  (which  were  not  different  from  each 
other).  Although  plasma  norepinephrine  concentration  was  greater  in  Group  R 
tlian  in  Group  T,  these  two  groups  did  not  differ  from  Group  C.  Plasma  renin 
activity  was  greater  in  Group  K  than  in  Group  T,  but  the  activity  in  these 
groups  was  not  difrereut  from  Group  C.  For  Groups  K  and  T,  SVR  did  not  differ 

from  eacii  other,  but  was  less  than  that  for  Group  C. 

Right-  and  left-sided  caruiac  tilling  pressures  and  heart  rate  remained 
similar,  and  cardiac  output  no  longer  differed  among  groups.  Also,  the  resul¬ 
tant  mean  systemic  arterial  pressure  was  similar  for  Groups  T  and  R;  both  were 

less  tiian  that  for  Group  C. 

Oxygen  consumption  did  not  differ  among  groups,  but  whole-blood  lactate 
concentration  continued  to  increase  and  base-excess  continued  to  decrease  sig¬ 
nificantly  only  in  Group  R  (P  <  0.05). 

Return  of  Shed  blood:  Thirty  minutes  after  return  of  shed  blood,  cardiac 
output  was  greater  in  Group  R  than  in  Groups  C  or  T.  Blood  lactate  was  still 
greater  in  Group  R  than  in  either  Group  T  or  C.  There  were  no  other  signifi¬ 
cant  differences  among  groups. 

Ninety  minutes  after  return  of  shed  blood,  there  were  no  significant 
dirferences  among  groups  for  any  variable. 
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All  animals  survived  24  hours,  at  which  time  they  were  killed. 

b.  luuuction  of  anesthesia  with  entlurane,  halothane,  and  isoflurane 
(see  Table  3,  p.  b9). 

There  were  no  oifferences  among  the  four  groups  in  the  normovolemic  or  in 
the  hypovolemic  condition.  hemorrhage  caused  the  expected  cardiovascular  and 
metabolic  effects.  Right-  and  left-sided  cardiac  filling  pressures  decreased 
and  although  plasma  renin  activity,  plasma  concentrations  of  norepinephrine 
and  epinephrine,  heart  rate,  and  systemic  vascular  resistance  increased, 
stroke  volume,  cardiac  output,  and  systemic  arterial  blood  pressure  decreased. 
In  aduition,  base-excess  decreased  and  whole-blood  lactate  concentration 
increased.  Hematocrit  decrea-sed  trom  36%  to  31%. 
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enflurane,  and  isoflurane  causeu  similar  cardiovascular  and 
ts  when  given  to  induce  anesthesia  during  hypovolemia;  all  were 
control  animals  whose  values  remained  unchanged  during  the  cora- 
riod  (see  table  3,  page  69).  Induction  of  anesthesia  caused  a 
uction  in  cardiac  output  and  systemic  vascular  resistance,  thus 
und  decrease  in  mean  systemic  blood  pressure.  Administration 
ics  resulted  in  increased  blood  lactate.  Oxygen  consumption 
Plasma  renin  activity  increased  but  plasma  catecholamines  did 
irty  minutes  after  induction  of  anesthesia  (anesthetic  held 
above  concentrations)  cardiac  output  had  increased,  therefore 
ease  in  mean  systemic  blood  pressure;  systemic  vascular  resis- 
filiing  pressures,  and  heart  rate  did  not  change  appreciably. 


3.  Swine  blood  acid-base  chemistry; 

The  mean  acid-base  curve  nomogram  for  swine  blood  is  depicted  in  Fig.  5, 
p.  71;  the  data  are  presented  in  Table  4,  p.  70.  We  compared  our  curve  nomo¬ 
gram  tor  swine  blood  with  that  of  Siggaard-Andersen  (166)  for  human  blood,  an 
with  that  o‘"  Scott  Emuakpor  (I6l7  for  canine  blood  (Fig.  6,  p.  72).  nomogram 
is  shown  in  Fig.  7,  p.  73. 


4.  Determination  of  anesthetic  dose  of  ketamine  or  thiopental,  in  hypo 
volemic  swine. 

This  study  has  been  completed,  and  a  manuscript  prepared  (see  appendix) 

Hypovolemia  in  swine  reduced  the  minimum  anesthetic  dose  for  both 
thiopental  (P  <  0.025)  and  ketamine  (P  <  0.01);  (see  table  6,  page  74;.  The 
reductions  (thiopental  33%  +  5%;  ketamine,  40%  +  5%)  were  not  statistically 
different  (P  >  0.2)  from  each  other.  After  hemorrhage  and  before  drug 
administration,  mean  (+  SE)  arterial  blood  gas  values  were  as  follows:  PO, 

177.8  +  20.1  torr;  l^CO^  ^  4i.9  +  1.5  torr;  and  ph,  7.323  +  0.11.  Mean  (+  SK) 
arterial  blood  pressure  v/as  92  +  3  torr  after  hemorrhage,  69  +  9  torr  after 
administration  of  ketamine,  and  68  +  7  torr  after  administration  of  tiiiopen- 


5.  Determination  of  minimal  alveolar  anesthetic  concentration  (MAC)  of 
halothane  and  nitrous  oxide  in  swine. 

This  study  has  been  completed  and  a  manuscript  prepared  (see  appendix). 

MAC  for  halothane  in  normovolemic  swine  was  determined  to  be  1.25  +  0.04X 
(mean  +  S.E.;  range:  1.08  -  1.47%).  MAC  for  N.O  was  determined  to  be  277  + 
18%  (mean  +  S.E.;  range:  204  -  361%). 

Temperature  of  the  animals  was  37.7  +  0.2OC;  hematocrit  was  35  +  0.7%. 


b.  Evaluation  of  nitrous  oxide  for  induction  of  anesthesia  during  hypo¬ 
volemia. 

The  experimentation  for  this  study  has  been  completed.  Biochemical  and 
enzymatic  assays  are  not  yet  complete.  Data  reduction  and  analyses  are 
proceeding . 

Thirty  percent  blood  loss  decreased  right-  and  left-sided  cardiac  filling 
pressures,  mean  systemic  blood  pressure,  stroke  volume,  and  cardiac  output. 
Systemic  vascular  resistance,  oxygen  consumption,  blood  lactate  concentration 
and  plasma  ca thecolamines  increased  (see  table  9).  These  changes  are  similar 
to  those  observed  in  a  larger  group  of  swine  (see  table  1).  Before  induction 
of  anesthesia,  there  were  no  differences  between  the  two  groups.  Five  minutes 
after  induction  of  anesthesia  (see  table  10)  although  group  two  animals  had 
higher  plasma  norepinephrine  concentrations,  the  only  other  significant 
difference  was  the  higher  heart  rate  for  group  two.  Thirty  minutes  after 
induction  of  anesthesia  (see  table  11),  nitrous  oxide  administration  associ¬ 
ated  with  higher  arterial  blood  pressure,  heart  rate,  systemic  vascular  resis¬ 
tance,  and  oxygen  consumption,  but  lower  stroke  volume;  there  were  no  differ¬ 
ences  be  tween-groups  for  cardiac  output  or  blood  lactate  concentrations.  After 
return  of  shed  blood,  plasma  cathecol  concentrations  were  higher  in  group  two; 
there  were  no  other  significant  differences.  After  elimination  of  the 
anesthetic  agents,  there  were  no  differences  between  the  groups. 
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7.  Importance  of  the  renin-angiotension  system  during  hypovolemia. 

The  experimentation  for  this  study  has  been  recently  completed.  Biochem¬ 
ical  and  enzymatic  assays  are  not  yet  complete.  Data  reduction  and  analyses 
are  proceeding. 

During  normovolemia,  the  swine  behaved  as  expected  in  response  to  injec¬ 
tion  of  angiotensin  II;  a  significant  increase  in  systemic  vascular  resis¬ 
tance  (see  figure  13).  Saralasin  infusion  during  normovolemia  had  no  effect 
on  systemic  vascular  resistance,  but  completely  blocked  the  effects  of  injec-. 
tion  of  angiotensin  II  (see  figure  13).  In  response  to  hemorrhage,  systemic 
vascular  resistance  increased  significantly  (see  figure  14).  There  were  no 
differences  between  the  two  groups  in  their  response  to  angiotensin  II, 
saralasin,  or  saralasin  plus  angiotensin  II  during  normovolemia.  Similarly, 
there  was  no  difference  between  groups  in  their  response  to  hemorrhage.  Simi¬ 
larly,  both  groups  had  similar  increase  in  systemic  vascular  resistance  in 
response  to  angiotensin  II  when  injected  following  hemorrhage  (see  figure  15). 
During  hypovolemia  neither  infusion  of  saline,  nor  infusion  of  saralasin 
altered  systemic  vascular  resistance.  In  response  to  these  infusions,  the 
groups  also  failed  to  show  any  differences  in -mean  systemic  arterial  blood 
pressure,  heart  rate,  cardiac  output,  right  atrial  pressure,  or  blood  lactate 
concentration  (see  table  12).  Saline  did  not  block  effects  of  angiotensin  II 
during  hemorrhage,  however  infusion  of  saralasin  completely  blocked  the 
effects  of  angiotensin  II  (groups  significantly  different,  P  <  0.05).  Follow¬ 
ing  termination  of  infusion  of  either  saline  or  saralasin,  both  groups  again 
behaved  similarly  in  response  to  angiotensin  II  (see  figure  15). 


D.  Discussion: 


Hemorrhage  model; 


The  swine  is  an  excellent  animal  for  laboratory  investigations  involving 
hemorrhage.  Swine  are  more  readily  available  than  dogs,  and  in  more  uniform 
size.  Their  cardiovascular  physiology  more  closely  resembles  that  of  man  than 
does  the  dog. 

Our  supplier  (J.G.  Boswell  Co.)  artificially  inseminates  all  swine,  thus 
breeding  is  exactly  controlled,  and  genetic  make-up  known  and  reproducible. 
Their  response  (cardiovascular,  metabolic,  hormonal)  to  hemorrhage  is  entirely 
in  keeping  with  what  is  known  from  other  laboratory  animals  and  man.  Of  pass¬ 
ing  note,  we  were  not  able  to  substantiate  the  claim  of  others  (106)  that  the 
swine  has  high  pulmonary  artery  pressure. 

Our  animals  are  undoubtedly  not  "at  rest"  as  are  those  of  Hannon  (104- 
105).  However,  it  is  necessary  to  ventilate  the  awake  normovolemic  animals  in 
order  to  conduct  valid  comparison  of  that  state  with  the  state  following 
induction  of  anesthesia.  Nevertheless,  the  awake  normovolemic  values  for  our 
swine  appear  to  fall  within  the  broad  range  of  values  reported  by  others  for 
unanesthetized  swine  (104-110,  130).  Hannon  (104)  has  discussed  the  possible 
reasons  for  data  variability  in  the  literature,  and  those  need  not  be  repeated 


rane  for  induction  of  anesthesia  during  moderate  hypovolemia. 


a.  Ketamine  and  thiopental. 


The  cardiovascular  effects  produced  by  induction  of  anesthesia  with 
ketamine  during  hypovolemia  differ  from  those  seen  during  normovolemia.  Heart 
rate,  mean  systemic  blood  pressure,  and  cardig^  output  in^^e||e^yh^g  ketamine 
is  administered  to  normovolemic  animals”  »  »  »  or  man"’  ’  ’  ’  .  In  con¬ 

trast,  these  variables  decrease  during  hypovolemia.  In  our  study  ketamine  and 
thiopental  produced  identical  cardiovascular  changes  initially.  Although 
these  two  anesthetics  affected  plasma  catecholamine  concentrations  and  renin 
activity  differently,  both  caused  similar  deterioration  of  the  animal's  com¬ 
pensation  for  hemorrhage,  and  decreased  SVR,  cardiac  output,  and  BPa.  Thirty 
minutes  after  induction,  hypovolemic  animals  who  had  received  ketamine  for 
induction  became  progressively  more  acidotic,  while  those  who  had  received 
thiopental  or  no  anesthetic  did  not.  Administration  of  ketamine  further 
increased  circulating  catecholamine  concentrations  above  the  already  elevated 
levels  caused  by  the  sympathetic  response  to  hypovolemia.  Thus,  one  portion 
of  our  hypothesis  was  not  supported.  In  swine,  the  sympathetic  response  to 
30%  hemorrhage  was  not  maximal;  further  sympathetic  response  was  possible. 

The  concomitant  increase  in  plasma  renin  activity  after  administration  of 
ketamine  may  be  a  funct^^n  of  increased  sympathetic  activity,®  ’  ’  other 

circulating  substances,  or  a  separate  action  of  ketamine.  The  progressive 
lactic  acidosis  30  min  after  induction,  seen  only  in  the  ketamine  group,  may 
be  a  result  of  increased  oxygen  demand  caused  by  increased  sympathetic 
activity  without  concomitantly  increased  blood  flow,  or  decreased  hepatic 
uptake  of  lactate,  or  both. 


In  intact  experimental  animals,  it  is  not  certain  which  measure  best 
reflects  inadequacy  of  tissue  perfusion.  Huckabee  proposed  blood  "excess  lac¬ 
tate"  as  a  measure^  ,  but  later  Cain  demonstra ted ^^^lood  lactate  concentration 
to  be  at  least  as  good  ,  if  not  a  better  measure  ^  of  oxygen  deficit.  Pre¬ 
viously,  we  have  shown  in  asplenic  dogs,  bled  while  anesthetized,  that  blood 
lactate  concentration  and  base-deficit  developed  to  a  greater  extent  when  they 
were  anesthetized  with  ketamine  than  with  halothane,  enflurane,  or  isoflu- 
rane”  .  Conversely,  Longnecker  ^  a^.  have  reported  higher  excess  lactate  in 
rats  bled  whi|^^anesthetlzed  with  halothane  than  similar  rats  anesthetized 
with  ketamine  .  However,  we  have  calculated  that  those  rats  anesthetized 
with  ketamine  had  a  greater  base-deficit  (approximately  11  mmol/1)  than  those 
anes th| If jzed  with  halothane  (approximately  2.5  mmol/1).  Recently,  Longnecker 
et  a  1 .  reported  higher  PO^  in  cremaster  muscle  of  rats  bled  while  anesthe¬ 
tized  with  ketamine  than  in  ra cs  bled  while  anesthetized  with  halothane.  How¬ 
ever,  since  arterial  blood  gases  were  not  measured,  and  all  animals  breathed 
room  air  spontaneously,  it  is  not  possible  to  determine  whether  the  tissue  Po^ 
differences  were  related  to  perfusion  or  arterial  oxygen  tension,  or  both. 
Furthermore,  since  compensatory  events  in  response  to  hemorrhage  differ  among 
tissues,  these  measurements  do  not  necessarily  reflect  conditions  in  other 
organs . 

In  these  experiments,  despite  the  increase  in  catecholamine  concentra¬ 
tions  and  renin  activity,  SVR,  BPa,  and  cardiac  output  decreased.  This 
failure  of  massively  increased  levels  of  circulating  catecholamines  to  main¬ 
tain  BPa,  SVR,  and  cardiac  output  implies  that  ketamine  has  a  powerful 
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opposing  depressant  effect,  or  that  the  maximal  response  to  stimulation  had 
been  a^hiev|^^  ^K^tamine  has  been  shown  to  be  a  direct  myocardial  dej^^s- 
sant,  ’  ’  ’  not  to  cause  contraction  of  rabbit  aorti^^gtrips ,  and  to 

relax  phenylephrine-induced  contrac^^d  rabbit  aortic  strips  .  ^jniilarly, 
thiopental  depresses  the  myocardium  and  peripheral  vasculature.  In  our 
experiments,  both  anesthetics  decreased  SVR.  The  fall  in  stroke  volume  index 
at  a  time  when  left  ventricular  preload  increased,  seen  after  administration 
of  ketamine,  tends  to  indicate  myocardial  depression.  However,  since  heart 
rate,  afterload,  and  myocardial  compliance  were  not  controlled,  no  conclusion 
can  be  drawn.  Alternatively,  the  increase  in  circulating  catecholamines  in 
the  animals  given  ketamine  could  have  been  a  response  to  the  hypotension  pro¬ 
duced  by  the  drug.  This  would  imply  that  thiopental  blocked  a  similar 
response.  Our  experimental  data  can  not  differentiate  between  these  proposed 
mechanisms.  Nevertheless,  our  data  do  support  the  second  part  of  our 
hypothesis:  that  further  sympathetic  stimulation  during  induction  of 

anesthesia  during  hypovolemia  is  not  beneficial.  Several  aspects  of  our  metho¬ 
dology  should  be  discussed.  Our  animals  were  not  "trained";  therefore,  data 
obtained  in  the  absence  of  anesthesia,  with  the  animals'"  tracheas  intubated 
and  the  animats  mechanically  ventilated,  may  not  be  equivalent  to  data  for 
"resting"  animals.  Nevertheless,  cardiovascular  data  we  obtained  for  the 
unmedicated,  normovo t^ ||  ^^^l^^Y^thin  the  range  of  values  reported  by 
other  investigators.  ’  ’  Furthermore,  hypovolemic  and/or  trau¬ 

matized  humans  are  not  in  a  "resting"  state.  The  few  limited  reports  of 
hemorrhage  in  unmedicated  swinej^^|V|  sh^^y  an  arterial  blood  pressure  response 
similar  to  that  of  our  animals.  ’  *  Because  detailed  cardiovascular 

response  of  unmedicated  swine  to  hemorrhage  has  not  been  reported,  we  cannot 
compare  some  of  our  results  with  those  of  other  investigators.  Hemorrhage 
produced  changes  similar  to  those  we  have  observed  in  a  larger  group  of  simi¬ 
lar  swine  (table  1,  p  66).  All  cardiovascular  and  metabolic  responses  to 

hemorrhage  in  our  swine  are  consistent  with  what  is  known  for  man.  Although 
the  dog  has  been  the  species  most  frequently  used  to  study  hemorrhage, 

onse  and  that  of  the  rat  differ  in  important  ways  from  that  of  man.  ’ 
species,  contraction  of  the  hepatic  sphincte j^gay^^s  splanchnic 
engorgement  and  a  number  of  sequelae  not  seen  in  man.  ’  The  re^gonse  of 
the  gastrointestinal  tract  of  swine  in  shock  resembles  that  of  man.  Because 
we  did  not  conduct  a  dose-response  study,  we  cannot  address  the  question  of 
whether  other  doses  of  ketamine  or  thiopental  could  have  produced  different 
effects  during  hypovolemia.  However,  the  minimal  anesthetic  dose  required 
during  normovolemia  was  determined  for  both  agents  and  individually  for  each 
animal.  This  dose  was  then  reduced  in  accordance  with  our  findings  that  hypo¬ 
volemia  similarly  reduces  the  anesthetic  requirement  for  thiopental  and  ketam¬ 
ine.  Smaller  doses  would  not  have  been  anesthetic,  and  other  cardiovascular 
responses  could  have  occurred.  Our  data  do  not  demonstrate  a  beneficial 
effect  from  using  ketamine  during  hypovolemia.  Studies  reporting  satisfactory 
use  of  ketamine  for  patients  in  "hemorrhagic  shock"  have  had  some  shortcom¬ 
ings:  the  concomitant  use  of  other  drugs;  and/or  the  failure  to  substantiate 

major  blood  volume  deficit,  to  indicate  the  dose  of  ketamine  administered,  or 
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to  document  cardiovascular  responses  at  specific  time  intervals.  ’’  The 
literature  concerning  the  use  of  thiopental  for  induction  of  anesthesia  during 
hypovolemia  is  also  anecdotal.  In  World  War  II,  the  drug  was  used  in  doses  of 
at  least  500  to  1,000  mg.  Patients  breathed  spontaneously;  and  in  many  cases, 
inspired  oxygen  concentration  was  21%.  It  is  not  surprising  that  the  result 
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was  sometimes  catastrophic.  Ketamine  was  introduced  30  years  later,  after  use 
of  controlled  ventilation  and  high  inspired  concentrations  of  oxygen  had 
become  routine,  and  after  anesthesiologists  had  become  more  skilled  at  recog¬ 
nizing  and  treating  hypovolemia.  These  improvements  alone  would  have  improved 
outcome.  If  anesthesia  must  be  induced  in  a  hypovolemic  patient,  ketamine  0.5 
mg/kg  iv  is  often  administered.  Sometimes  the  result  is  satisfactory;  some¬ 
times  severe  cardiovascular  depression  results.  Because  many  other  events 
occur  almost  simultaneously  (endotracheal  intubation,  positive-pressure  venti¬ 
lation,  skin  incision  and  rapid  initiation  of  surgery,  continued  fluid  infu¬ 
sion),  the  outcome  does  not  reflect  the  effects  of  the  anesthetic  agent 
alone.  Our  data  indicate  that  moderate  hypovolemia  does  not  produce  a  maximal 
increase  in  circulating  catecholamines.  Administration  of  ketamine,  but  not 
thiopental,  causes  a  further  increase.  However,  the  increased  plasma  concen¬ 
trations  do  not  further  stimulate  the  circulation,  either  because  they  are 
above  the  maximal  possible  effective  concentrations,  or  because  their  effect 
is  overwhelmed  by  the  depressant  qualities  of  ketamine,  or  both.  Administer¬ 
ing  ketamine  for  induction  of  anesthesia  during  hypovolemia  did  not  offer  any 
advantages  over  thiopental  when  both  were  used  at  the  minimal  anesthetic  dose. 
The  clinician -'should  note  that  an  anesthetic  agent  is  not  a  substitute  for 
adequate  restoration  of  blood  volume  and  venous  return;  and  when  an  anesthetic 
must  be  administered  during  significant  hypovolemia,  cardiovascular  depression 
should  be  expected. 


b.  Lnflurane,  halothane,  and  Isoflurane.  A  desirable  property  of  any 
anesthetic  agent  used  in  the  presence  of  hypovolemia  would  be  to  have  minimal 
effect  on  th.e  compensatory  mechanisms  for  hemorrhage.  During  normovolemia,  ii 
healthy  volunteers,  halothane  tends  to  maintain  systemic  vascular  resistance 
(5,6)  and  isoflurane  tends  to  maintain  cardiac  output  (14,15).  Therefore,  on' 
might  have  thought  that  these  agents  could  be  used  preferentially  in  the  pres 
ence  of  hypovolemia.  We  have  found  that  halothane,  enflurane,  and  isoflurane 
cause  similar  detrioration  of  cardiovascular  compensation  for  hemorrhage  when 
used  to  induce  anesthesia  during  hypovolemia.  The  administration  of  even  a 
reduced  dose  of  these  anesthetics  (0.4  MAC)  caused  a  profound  decrease  in  car 
diac  output,  systemic  vascular  resistance,  and  therefore,  mean  systemic  blood 
pressure.  The  decrease  in  stroke  volume,  without  a  change  in  heart  rate  or 
filling  pressures  implies  myocardial  depfession,  although  afterload  and  myo¬ 
cardial  compliance  were  not  controlled.  In  addition,  the  anesthetics 
prevented  a  reflex  increase  in  heart  rate  and  an  increase  in  plasma  catecho¬ 
lamines  . 

Although,  the  greatest  blood  lactate  concentrations  were  seen  with  enflu 
rane,  implying  the  greatest  mismatching  of  oxygen  supply  and  demand,  the  mag¬ 
nitude  of  the  lactate  concentrations  implies  a  reduction  in  oxygen  demand 
caused  by  all  three  agents.  Similarly,  we  have  found  that  halothane  and  iso¬ 
flurane,  but  not  enflurane,  reduced  oxygen  demand  more  than  supply  in  dogs 
bled  during  halothane,  enflurane,  or  Isoflurane  anesthesia  (82). 


3.  Swine  blood  acid-base  chemistry. 

Our  mean  curve  and  alignment  nomograms  for  swine  blood  are  different  from 
nomograms  for  human  blood  (168,174)  and  canine  blood  (161)  (Fig.  6).  As  a 
technical  check,  we  performed  similar  but  limited  experiments  with  blood  of 
two  human  volunteers.  The  resultant  limited  nomograms  (30  data  points,  at 
hemoglobin  concentrations  of  3,  10,  and  15  g/dl)  were  similar  to  that  of 
Siggaard-Andersen  (174)  between  base  excess  of  -10  and  +10  mmol/1  (P>0.5),  but 
different  from  our  swine  nomogram  (P<0.001).  To  compare  the  swine  alignment 
nomogram  with  that  drawn  by  Siggaard-Andersen  for  human  blood  (174),  we  plot¬ 
ted  our  data  of  known  pH,  Pc02»  hemoglobin  concentration  and  base  excess  on 
the  Siggaard-Andersen  alignment  nomogram  as  if  we  were  unaware  of '  the  true 
base-excess  value.  The  base-excess  values  determined  frot  the  Siggaard- 
Andersen  nomogram  were  compared  with  the  true  BE  values.  The  resultant 
estimated  base  excesses  differed  (P<0.0U1)  from  the  known  base  excess  of  all 
blood  samples  at  all  concentrations  of  hemoglobin  and  base  excess,  except  at  a 
BE  of  zero,  for  which  the  results  are  def initionally  identical.  In  nearly  all 
cases,  however,  the  calculated  value  was  within  +  10%  of  the  true  value. 

There  are  several  possible  explanations  for  the  differences  between  our 
nomogram  and  that  of  Siggaard-Andersen.  Neither  set  of  data  is  based  on  the 
blood  of  a  large  population:  Siggaard-Andersen  used  the  blood  of  four  people, 
we  used  four  swine.  However,  in  our  experiments,  individual  variation  did  not 
appear  to  be  an  important  problem. 

Some  of  the  observed  differences  may  relate  to  differences  in 
species.  Scott  Emuakpor  et  al.  (161)  described  a  curve  nomogram  for  canine 
blood  which  differed  from  Siggaard-Andersen's  curve  nomogram  for  human  blood. 
The  buffer  value  of  plasma  proteins  and  hemoglobin  can  vary  among  mammalian 
species  (175,176),  and  this  may  account'  for  some,  but  not  all  (177),  of  the 
differences  among  the  nomograms.  Measured  total  protein  of  our  swine  blood 
(7.2  +  0.3  g/dl)  was  similar  to  the  normal  value  for  man. 

To  create  blood  samples  of  altered  base  excess,  we  avoided  important 
dilution  of  plasma  proteins  by  adding  small  amounts  of  relatively  concentrated 
(0. 2-0.8  N)  acid  or  base.  We  thereby  produced  some  alterations  in  ionic 
strength  of  blood,  which  may  account  for  some  of  the  differences  between  our 
nomograms  for  swine  blood  and  those  of  Siggaard-Andersen  for  human  blood  (168, 
174).  However,  our  curve  nomogram  for  swine  blood  differs  even  more  from  the 
original  curve  nomogram  of  Siggaard-Andersen  and  Engel  for  human  blood  (169), 
for  which  the  identical  method  of  addition  of  acid  or  base  was  used. 

To  construct  the  nomograms,  we  followed  the  general  methodology  of 
Siggaard-Andersen.  However,  the  two  methodologies  differ  in  several  important 
ways . 

We  used  a  method  different  from  that  of  Siggaard-Andersen  to  "shift"  the 
original  data  in  order  to  "normalize"  the  drawn  blood  to  the  established 
definition  of  BE  =  0,  pH  7.400,  PCO2  ^0.0  torr.  Siggaard-Andersen  accom¬ 
plished  the  following  tasks  graphically,  fitting  the  curve  and  selecting  the 
points  by  eye  (18);  a)  curve-fitting  the  two  constant  CO2  titration  curve 
plots  (pH  \^.  acid  or  base  added)  at  each  concentration  of  Hb;  b)  estimating 
similar  data  for  PCO2  torr,  assuming  a  linear  relationship  between  log  Pc02 
and  pH,  followed  by  curve-fitting  of  the  PQOy  torr  data  as  in  a);  c) 
estimating  the  axis  shift  (acid  or  base  added)  to  align  the  PCO2  torr  data 
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so  that  at  a  pH  of  7.400,  base  excess  was  set  equal  to  zero;  d)  estimating 
from  the  hand-drawn  iso-PcQ^  curves,  the  pH  at  pre-selected  levels  of  base 
excess.  An  example  of  this  graphic  process,  using  data  from  one  of  our  swine, 
is  shown  in  Fig.  4.  We  accomplished  all  of  the  above  with  a  computer,  the 
resulting  curve-fit  equations  describing  the  data  with  an  accuracy  of  more 
than  99.95%. 

To  draw  the  base  excess  grid,  Siggaard-Andersen  used  his  previously 
developed  pH-log  PCO2  curve  nomogram  for  one  set  of  blood  pH  and  PCO2  'v^a^ues, 
and  an  empirical  relationship  between  buffer  base,  hemoglobin  concentration 
and  base  excess  to  estimate  the  required  second  pair  of  blood  pH  and’  P(2o, 
values.  Because  of  our  uncertainties  regarding  the  specificity  of  the  pH-log 
PCO2  curve  nomogram  and  the  empirical  relationship  described  above,  we  chose 
to  use  our  original  data  and  the  computer-generated  curve-fits  to  that  data  to 
determine  the  base-excess  grid. 

To  generate  the  continuous  isohemoglobin  lines  of  the  base-excess  grid 
from  the  original  data,  we  developed  computerized  empirical  mathematical  equa¬ 
tions  that  were  plotted  by  computer.  Siggaard-Andersen  used  points  determined 
graphically  to  draw  curves  by  hand.  Although  we  have  not  examined  systemati¬ 
cally  the  differences  between  the  two  techniques,  we  did  note  before  comple¬ 
tion  of  the  computer  programs  that  seemingly  small,  unimportant  interpretive 
differences  that  occurred  when  drawing  curves  by  hand  through  the  original 
data  created  relatively  large  differences  in  the  estimated  amount  required  to 
shift  the  "acid-or-base-added"  axis.  These  differences  created  relatively 
large  differences  in  the  alignment  nomogram. 

Another  difference  between  Siggaard-Andersen's  nomogram  and  our  own  is 
the  temperature  at  which  tonometry  and  measurement  of  pH  were  performed. 
Siggaard-Andersen's  experiments  were  performed  at  38°C;  ours  were  performed  at 
38.8  C  (normal  body  temperature  for  swine).  Siggaard-Andersen  correctly 
stated  that  measurements  performed  at  temperatures  within  +  2°C  of  38°C  (the 
standard  temperature  of  his  nomogram)  are  "without  any  practically  significant 
error"  (21).  We  temperature-corrected  some  of  our  pH  and  PCO2  data  from 
38.&°C  to  38.0  C,  and  then  estimated  base  excess  from  our  nomogram.  All  esti¬ 
mates  were  within  +0.1  mmol/1  of  the  true  value.  Similarly,  using  esta¬ 
blished  data  for  pK'  solubility  of  CO2  in  plasma  (178),  we  determined  that 
change  in  calculated  plasma  HCO3”  between  38.0°C  and  38.8°C  was  less  than  0.1 
mmol/ 1 . 

Finally,  there  are  differences  in  the  methodology  of  measuring  pH, 
the  major  variable  upon  which  these  nomograms  rest.  As  a  result  of  advances 
in  design  and  construction  of  pH  electrode  (122)  and  amplifier  (179),  our 
determinations  of  pH  probably  had  less  variability  (O.OOl  +  0.001  pH  units, 

SD)  than  did  the  measurements  of  Siggaard-Andersen.  Variations  in  the  meas¬ 
urement  of  pH  that  are  usually  considered  minor  (e.g. ,  0.003  pH  units)  result 
in  surprisingly  large  differences  in  the  final  nomogram,  because  relatively 
small  changes  in  the  slope  of  nearly  parallel  lines  greatly  alters  their  point 
of  intersection.  Small  variations  in  pH  create  the  largest  changes  in  the 
nomogram  in  the  base-excess  range  of  +10  to  +25  mEq/1:  the  range  in  which  our 
nomogram  differs  most  from  that  of  Siggaard-Andersen. 
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4.  Determination  of  anesthetic  dose  of  ketamine  or  thiopental,  in  hypo¬ 
volemic  swine. 

Moderate  hemorrhage  (30%  blood  loss)  produced  similar  reductions  in  the 
anesthetic  requirement  of  these  two  different  intravenous  anesthetic  agents. 

Many  variables  affect  the  amount  of  drug  required  to  produce 
anesthesia.  We  were  not  able  to  study  all,  or  even  most,  of  these  variables 
because  of  limitations  imposed  by  our  experimental  design,  which  was  selected 
to  give  the  best  answer  to  the  question  posed  (does  hypovolemia  reduce 
anesthetic  requirement  for  induction  agents,  and  if  so,  does  the  reduction 
differ  for  different  drugs?)  Consequently,  we  have  limited  physiological 
Information  from  these  animals  to  complement  the  finding  of  reduced  anesthetic 
requirement. 

We  do  have,  however,  a  good  deal  of  information  about  other  swine  whose 
blood  volume  were  similarly  reduced  (see  table  1,  page  XX).  Variables  in 
these  animals  were  measured  during  normovolemia  and  after  30%  blood  loss. 

Mean  values  (+  SE)  decreased  for  arterial  blood  pressure  (from  130  +  2  torr  to 
98+3  torr)  for  cardiac  output  (from  174  +  5  ml/min/kg  to  113  +  6  ml/min/kg), 
and  for  base-excess  (from  5.3  +  0.3  mmol/1  to  3.1  +  0.3  mmol/1);  and  increased 
for  blood  lactate  concentration  (from  1.1  +  0.1  mmol/1  to  1.8  +  0.1  mmol/1). 
When  half  of  the  drug  dose  which  produced  anesthesia  during  normovolemia  was 
administered  to  these  animals  during  hypovolemia,  further  reductions  occurred 
in  cardiac  output  (to  76.9  +5.1  ml/min/kg  after  ketamine,  and  to  74.0  +  5.9 
ml/min/kg  after  thiopental),  and  in  mean  arterial  blood  pressure  (to  41.4  ± 

3.5  torr  after  ketamine,  and  to  52.1  +  7.8  torr  after  thiopental),  and  in 
base-excess.  Blood  lactate  concentration  increased  even  further.  These  mean 
arterial  blood  pressures  are  just  below  the  level  at  which  autoregulation  is 
able  to  maintain  normal  cerebral  blood  flow.  Thus,  some  of  the  decreased 
anesthetic  requirement  seen  in  these  animals  could  have  been  a  result  of 
decreased  cerebral  blood  flow.  However,  the  animals  in  the  present  study  had 
lesser  decreases  in  blood  pressure.  Nor  did  they  exhibit  sufficient  acidosis, 
hypercarbia,  or  decreased  calculated  oxygen  content  to  account  for  a  reduction 
of  anesthetic  requirement  during  hypovolemia. 

We  did  not  measure  cerebral  blood  flow,  and  thus,  cannot  relate  it  to 
anesthetic  requirement  of  these  agents.  However,  since  specific  anesthetic 
site(s)  of  action  are  not  known,  knowledge  of  global  cerebral  blood  flow  would 
be  of  limited  value.  Knowledge  of  regional  or  microregiona 1  (if  we  knew  which 
microregion)  blood  flow  would  be  more  helpful.  Cullen  and  Eger  related 
decrease  in  MA^  to  decreased  oxygen  delivery  to  the  brain,  either  from 
decreased  Pa02'^  or  severe  isovolemic  anemia^^^^^  A  decrease  in  MAC  correlates 
well  with  the  occurrence  of  central  acidosis^  .  Tanifuji  and  Eger  found  a 
20%  decrease  in  MAC  for  halothane  in  dogs  made  hypotensive  to  an  arterial 
blood  pressure  of  40-50  torr  by  a  combination  of  trimethaph^^^inf usion , 
up  tilt,  and  mild  hemorrhage  (approximately  12%  blood  loss)  .  Rao  e_t  a_l 
noted  a  decreased  MAC  for  halothane  in  dogs  made  hypotensive  by  administration 
of  pentolinium,  trimethaphan,  or  ni troprusside,  but  stated  that  they  did  not 
find  a  correlation  between  decreased  MAC  and  decreased  carotid  blood  flow.  In 
their  experiments,  mean  arterial  blood  pressure  did  not  fall  below  60  mmHg,  a 
level  above  that  which  autoregulation  can  no  longer  maintain  cerebral  blood 
flow.  MAC  however,  decreased  during  the  administration  of  all  three  drugs; 
carotid  blood  flow  did  decrease  significantly  in  the  dogs  given  two  of  the 
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drugs,  but  the  large  variability  prevented  achievement  of  statistical  signifi¬ 
cance  for  those  in  the  third  group.  Furthermore,  in  the  dog,  carotid  blood 
flow  is  not'a  good  indication  of  total  cerebral  blood  flow.  Thus,  the  litera¬ 
ture  does  not  contain  a  definitive  study  relating  anesthetic  requirement  to 
cerebral  blood  flow. 
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Hemorrhage  increases  sympathetic  activity  and  circulating  catecholam¬ 
ines  in  swine  (see  table  1,  page  66).  Since  an  increase  in  sympathetic 
activity  increases  anesthetic  requirement,  it  is  possible  that  anesthetic 
requirement  would  be  reduced  further  when  the  sympathetic  response  to  hemor¬ 
rhage  is  not  possible  or  is  blocked. 

Our  studies  were  performed  with  injectible  agents  and  not  inhalation 
agents.  Thus,  it  is  possible  that  some,  or  even  all  of  the  reduction  in 
anesthetic  requirement  we  observed  after  hypovolemia  was  due  to  a  higher  con¬ 
centration  of  the  drug  in  the  blood  and  brain  owing  to  a  reduced  volume  of 
distribution.  Changes  in  concentration  of  the  drug  at  the  site  of  action 
would  depend  upon  alterations 
ences  in  blood  concentration. 

Price^"*^  predicted  that  following  a  single  intravenous  injection  of 
thiopental,  its  concen tra tion  in  the  central  nervous  system  would  be  higher 
after  hemorrhage  sufficient  to  reduce  cardiac  output  by  40%,  but  insufficient 
to  alter  cerebral  blood  flow,  than  after  a  similar  injection  during  normo¬ 
volemia.  This  matheraatical  model  assumed  that  thiopental  does  not  alter  tis¬ 
sue  blood  flow.  However,  this  is  not  true  during  hypovolemia.  From  Price's 
figure  one  would  estimate  that  the  hypovolemic  condition  he  assumed  would 
reduce  the  necessary  dose  of  thiopental  by  approximately  one-third.  Our  find¬ 
ing  of  a  33  ±  5%  reduction  in  dose  of  thiopental  is  in  accord  with  this, 
although  in  the  other  series  of  hemorj^aged  swine  in  which  we  did  measure  car¬ 
diac  output,  it  fell  by  35%.  Bergman  ,  in  hemorrhaged  dogs,  found  a 
decreased  plasma  concentration  of  thiopental  5-90  minutes  after  injection  over 
a  1  minute  period.  Thiopental,  however,  disappears  very  rapidly  from  plasiiia 
and  richly  perfused  organs,  such  as  brain.  Five  minutes  after  its  administra¬ 
tion,  the  concentrations  of  drug  in  the  central  pool  and  in  the  rapidly  per¬ 
fused  viscera  are  less  than  10%  and  50%  of  their  respective  peak  concentra- 
159  *  * 

tions;  and  00  minutes  after  injection,  concentrations  in  both  compartments 

are  less  than  5%  of  their  peak  values.  Peak  brain  drug  concentration  and 

anesthetic  effect  occur  within  the  first  2  minutes  after  injection.  Because 
thiopental  rapidly  leaves  the  areas  of  interest,  attempts  to  extrapolate  from 
small  concentrations  measured  much  later,  would  be  subject  to  error.  This 
would  be  further  compounded  as  the  drug's  effect  on  hemodynamics  changed  with 
changing  concentrations  in  various  compartments.  Bergman  did  not  measure  the 
dogs'  blood  pressure  or  cerebral  blood  flow.  It  is  possible  that  with  the 
fall  in  blood  pressure  that  likely  occurred  after  thiopental  administration  to 
his  hypovolemic  animals,  cerebral  blood  flow  fell,  thus  decreasing  washout  of 
the  drug,  resulting  in  lower  plasma  concentrations.  This  is  possible  because 
within  15-45  seconds  after  injection  concentration  of  the  drug  in  richly  per¬ 
fused  tissue  is  higher  than  in  arterial  plasma.  Unfortunately,  we  did 

not  measure  drug  concentrations  in  either  plasma  or  brain,  and  thus,  cannot 
confirm  or  refute  Price's  predictions  or  our  speculations. 


^^f  blood  flow  to  that  site  relative  to  differ- 


5.  Determination  of  minimal  alveolar  anesthetic  concentration  (MAC)  of 
halothane  and  nitrous  oxide  in  swine. 

This  study  was  just  completed.  The  minimal  anesthetic  requirement  of 
swine  for  halothane  and  y^Jrous  oxide  is  greater  than  that  for  man  and  most 
often  laboratory  animals  .  Variability  of  anesthetic  requirement  among 
species  has  never  been  adequately  explained^  .  Our  study  did  not  have  the 
goal  of  explaining  tJiese  differences,  but  rather  had  the  pragmatic  aim  of 
establishing  the  anesthetic  requirement  of  our  laboratory  animals  for  these 
anesthetic  agents.  The  accomplishment  of  this  goal  allows  us  to  appropriate 
conduct  other  studies. 


6.  Evaluation  of  nitrous  oxide  for  induction  of  anesthesia  during  hypo¬ 
volemia. 

Although  nitrous  oxide  has  been  thought  to  have  minimal  cardiovascular 
effects  during  normovolemia  (17-37),  we  have  found  that  5  minutes  after  indue 
tion  of  anesthesia  in  hypovolemic  swine,  nitrous  oxide  caused  cardiovascular 
decompensation  for  hemorrhage  similar  to  that  of  halothane.  Although  nitrous 
oxide  caused  a  further  increase  in  norepinephrine,  the  decrease  in  systemic 
vascular  resistance,  cardiac  output,  mean  arterial  blood  pressure  were  not 
different  from  those  animals  receiving  halothane.  Oxygen  consumption  did  not 
differ  between  the  two  groups  and  both  groups  demonstrated  a  similar'  increase 
in  blood  lactate  concentration. 


Swine  anesthetized  with  nitrous  oxide,  however,  in  comparison  with  those 
anesthetized  with  halothane,  showed  substantially  greater  recovery  of  compen¬ 
sation  for  hemorrhage.  This  recovery  is  of  interest,  and  should  be  the  sub¬ 
ject  of  further  investigation. 


Full  discussion  awaits  return  of  further  biochemical  enzymatic  assays, 
and  statistica'l  analyses. 
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7.  Importance  of  the  renin-angiotension  system  during  hypovolemia. 

This  study  has  just  been  completed  and  biochemical  and  enzymatic  analyses 
are  proceeding,  as  is  statistical  testing.  From  the  systemic  vascular  resis¬ 
tance  data  thus  far  analyzed,  it  is  clear  that  despite  the  published  litera¬ 
ture  (sea  introduction  ppi2-l3)  the  renin-angiotensin  system  does  not  exhibit 
an  important  response  30  minutes  after  liemorrhage,  in  awake  animals. 


E.  Conclusions 


1.  The  swine  is  an  excellent  laboratory  model  for  the  study  of  hemorrhage. 

Its  cardiovascular  system  and  response  to  hemorrhage  are  more  similar  to 
those  of  man  than  other  laboratory  animals.  When  used  at  a  young  age,  the 
animal  is  sufficiently  large  to  instrument  fully,  yet  not  so  large  as  to 
make  difficult  their  handling,  housing,  or  care.  Our  animals,  further¬ 
more,  are  specific  pathogen  free;  therefore,  quarantine  upon  arrival  at 
the  facility  is  not  required  thus  eliminating  unproductive  quarantine  time 
and  diminishing  housing  costs.  Since  our  supplier  artificially  insem¬ 
inates  all  sows,  breeding  is  controlled  and  although  strains  are  not 
extraordinarily  inbred  as  are  experimental  mice  and  rats,  the  genetic 
makeup  of  the  animals  very  closely  resemble  one  to  another,  thus  making 
results  more  reproducible  than  they  would  be  in  random  source  dogs,  sheep, 
goats  or  other  similar  animals. 

2.  Comparison  of  ketamine,  thiopental,  enflurane,  halothane,  and  isoflurane 
for  induction  of  anesthesia  during  moderate  hypovolemia. 

a.  Ketamine  and  thiopental. 

Both  of  these  injectable  anesthetic  agents  cause  similar,  important 
deterioration  of  cardiovascular  compensation  for  moderate  hemorrhage.  Reduc¬ 
tions  in  systemic  vascular  resistance,  Diean  systemic  blood  pressure,  and  car¬ 
diac  output  are  not  different  in  hypovolemic  animals  in  whom  anesthesia  is 
induced  with  thiopental  in  comparison  with  those  in  whom  anesthesia  is  induced 
with  ketamine.  Both  agents  also  further  exaggerate  the  lactic  acidosis  seen 
with  hemorrhage.  A  potentially  important  difference  is  the  continued  progres¬ 
sive  lactic  acidosis  one  half  hour  after  induction  seen  in  ketamine  induced 
animals  but  not  in  thiopental  induced  animals.  We  conclude  that  induction  of 
anesthesia  in  hypovolemic  condition  with  ketamine  does  not  offer  any  advantage 
over  induction  of  anesthesia  with  thiopental  in  a  similar  circumstance.  The 
progressive  lactic  acidosis  seen  only  in  the  ketamine  group  implies  that  these 
animals  had  either  less  good  tissue  perfusion,  or  decreased  hepatic  perfusion, 
or  both. 


b.  Enflurane,  halothane  and  isoflurane. 

These  inhalation  agents  all  cause  deterioration  of  cardiovascular  compen¬ 
sation  for  hemorrhage,  similar  to  the  deterioration  seen  with  the  Injectable 
agents,  ketamine  or  thiopental.  The  decrease  in  systemic  vascular  resistance, 
cardiac  output,  and  mean  systemic  blood  pressure  among  the  animals  receiving 
the  three  inhalation  agents  are  quite  similar,  as  are  the  metabolic  sequelae 
and  increased  acidosis. 

3.  Swine  acid-base  curve  and  alignment  nomograms  differ  from  those  of 
man  and  dog,  the  only  two  other  species  for  which  these  nomograms  have  been 
constructed.  The  swine  nomograms  should  be  used  when  evaluating  swine  acid- 
base  balance. 

A.  Determination  of  anesthetic  dose  of  ketamine  or  thiopental  in  hypo¬ 
volemic  swine. 

Hypovolemia  decreases  the  minimal  anesthetic  requirement  of  the  two 
injectable  agents  studied  (ketamine,  thiopental).  The  reduction  in  minimal 
amount  of  anesthetic  required  was  not  different  for  the  two  drugs. 


5.  Determination  of  minimal  alveolar  anesthetic  concentration  (MAC)  of 
halothane  and  nitrous  oxide,  in  swine. 

The  minimal  alveolar  concentration  for  halothane  and  nitrous  oxide  in  the 
swine  was  somewhat  higher  than  most  laboratory  animals.  Therefore,  planned 
studies  with  swine,  and  data  obtained  from  anesthetized  swine,  must  be 
evaluated  with  this  information  about  their  anesthetic  requirement  in  mind. 

6.  Evaluation  of  nitrous  oxide  for  induction  during  hypovolemia. 

When  used  for  inducing  anesthesia  during  the  condition  of  moderate  hypo¬ 
volemia,  nitrous  oxide  causes  cardiovascular  decompensation  for  hemorrhage, 
and  lactic  acidosis  similar  to  that  seen  with  other  inhalation  anesthetic 
agents.  Cardiovascular  recovery  during  the  ensuing  thirty  minutes  appears  to 
be  greater  with  nitrous  oxide  than  with  other  inhalation  anesthetic  agents. 

7.  Test  of  importance  of  the  renin-angiotension  system  during  hypovolemia. 

In  awake  moderately  hypovolemic  swine,  the  renin-angiotensin  system  does 
not  appear  to  have  an  important  compensatory  role.  However,  this  may  not  be 
so  during  anesthesia. 


Recommenda  tions ; 

Swine  should  be  considered  for  increased  use  for  studies  involving  hemor¬ 
rhage. 

The  author  should  (and  will)  describe  the  findings  thus  far  in  the 
appropriate  medical/scieutif ic  literature. 

LiSAMRDC  should  consider  providing  to  the  appropriate  agencies  (?  Academy 
of  Health  Sciences;  ?  consultant  for  anesthesia  to  the  Surgeon  General) 
the  conclusions  (2a,b;4)  regarding  use  of  ketamine,  thiopental,  enflurane, 
halothane,  and  isoflurane  during  hypovolemic  conditions. 

Studies  regarding  the  cardiovascular  and  metabolic  effects  of  use  of 
nitrous  oxide  for  induction  of  anesthesia  during  hypovolemia  should 
proceed.  Results  from  this  study  will  allow  us  to  provide  recommendations 
regarding  the  use  of  nitrous  oxide  for  hypovolemic  soldiers,  and  perhaps 
afford  the  opportunity  to  allow  for  decreasing  the  battlefied  medical 
logistical  burden  (supply  of  nitrous  oxide). 

Investigations  regarding  the  role(s)  of  the  renin-angiotensin  system  and 
vasopressin  in  compensation  for  hemorrhage  should  proceed.  The  knowledge 
from  these  studies  is  essential  for  the  understanding  of  normal  response 
to  hemorrhage,  and  how  anesthetic  agents  cause  deterioration  of  that  com¬ 
pensatory  response. 

Studies  regarding  deterioration  of  compensation  for  hemorrhage  with  induc¬ 
tion  of  anesthesia  should  proceed.  These  offer  the  opportunity  to  improve 
casualty  management  of  induction  of  anesthesia  during  hypovolemia. 

New  anesthetic  agents  should  be  evaluated  for  their  efficacy  for  inducing 
anesthesia  during  hemorrhage. 
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Legends  for  Tables  and  Figures  g 

N=76. 

Values  are  means  +  SE. 

PWP,  pulmonary  artery  wedge  pressure;  BPa,  mean  systemic  arterial  blood 
pressure;  PAP,  mean  pulmonary  artery  pressure;  SVR,  systemic  vascular 
resistance;  PVK,  pulmonary  vascular  resistance. 

N=7  per  group. 

Values  are  means  +  SE. 


RAP,  mean  right  atrial  pressure;  VO2  oxygen  consumption;  triangle  BE, 
change  in  base  excess  from  previous  state;  triangle  LAC,  change  in  blood 
lactate  concentration  from  previous  state.  Other  abbreviations  same, 
same  as  table  1. 

KCT  means  that  K  is  not  statistically  different  from  C,  nor  is  C  dif¬ 
ferent  from  T,  but  that  K  is  statistically  different  from  T. 

Groups:  C,  control,  no  anesthetic  agent;  H,  halothane;  E,  enflurane;  I, 

isof lurane. 

Data  are  means  for  7,  group  C;  7,  group  H;  8,  group  E;  8,  group  1. 

Abbreviations  and  units  as  in  tables  1  and  2. 

Data  for  swine  curve  nomogram. 

Mean  acid  base  curve  nomogram  for  swine.  See  text  for  derivation  of 
"mean"  values  for  four  swine  and  construction  of  nomogram. 

Comparison  of  our  "mean"  data  for  swine  (0 - 0)  with  Siggaard-Andersen's 

data  for  humans  - and  Scott  Emuakpor's  data  for  canines  (1 - 1). 

Mean  acid  base  alignment  nomogram  for  swine.  See  text  for  derivation  of 
"mean"  data  and  construction  of  nomogram. 

Data  are  mean  +  SE.  N=4  per  group.  ‘Statistically  different  (p<0.05) 
from  normovolemic  state). 

Abbreviations  and  units,  same  as  tables  1  and  2.  N>10;  values,  mean  + 

SE. 

N=10;  values,  mean  +  SE.  Abbreviations  and  units  same  as  tables  1  and  2 

N-10;  values  ,mean+SE.  Abbreviations  and  units  same  as  tables  1  and  2. 

N=5  per  group.  Values,  mean  +  SE.  Abbreviations  and  units  same  as 
tables  1  and  2. 

Response,  during  normovolemia  of  systemic  vascular  resistance  to 
angiotensin  11  and  blockade  of  angiotensin  11.  Values  are  mean  +  SE. 

N=3  per  group.  Abbreviations:  A  11,  angiotensin  11;  sara,  saralasin. 


Response  of  systemic  vascular  resistance  to  hemorrhage  in  unanesthetized 
swine.  N=5  per  group;  values  are  means  +  SE.  N,  normovolemic;  H,  hypo¬ 
volemic. 

Respones  of  systemic  vascular  resistance  in  awake  hypovolemic  swine,  to 
angiotensin  II  and  blockade  of  angiotensin  II.  N=5  per  group.  Values 
are  means  +  SE.  Abbreviations  as  in  figure  13. 


Table  1:  Awake  Swine  Response  to  30%  Hemorrhage 


Normovolemia 

Hypovolemia 

Mean  right  atrial  pressure  (torr) 

1 . 3+0 . 2 

-0.2+0. 2 

<0.001 

PWP 

(torr) 

2.6+0. 1 

0 . 3+0 . 2 

<0.001 

Plasma 

renin  activity 

(ng.ml  ^.hr  ^) 

2 . 7 +0 . 3 

8 . 7+1 . 1 

<0.001 

Plasma 

epinephrine 

(pg/ml) 

265+23 

737+65 

<0.001 

Plasma 

norepinephrine 

(pg/ml) 

242+20 

452+50 

<0.001 

Heart 

ra  te 

( bea  ts/min) 

113+3 

157±6 

<0.001 

S  troke 

volume 

(ml/kg) 

1.68+0.04 

0 . 80+0 . 04 

<0.001 

Cardiac  output  (ml. min  ^.kg 

181+3 

112+3 

<0.001 

BPa 

( torr) 

130+2 

98+3 

<0.001 

PAP 

( torr) 

13.5+0.2 

9. 6+0. 3 

<0.001 

Oxygen 

consumption  (m 

102.min  ^.kg  ^) 

7.53+0.16 

8.05+0.19 

<0.002 

Base-excess 

(mmol/ 1) 

5. 3+0. 3 

3. 1+0.3 

<0.001 

Blood 

lacta  te 

(mmol/ 1) 

1.1+0. 1 

1.6+0. 1 

<0.001 

SVR 

( torr. 

1  ^.min) 

35.3+0.7 

43 .8+1.4 

<0.001 

PVR 

( torr. 

1  ^.min) 

2.96+0.08 

4.16+0.14 

<0.001 

n*76.  Values  are  mean  +  SE 

PWP,  pulmonary  arterial  wedge  pressure;  BPa,  mean  systemic  arterial  blood 
pressure;  PAP,  mean  pulmonary  artery  pressure;  SVR,  systemic  vascular  resis 
tance;  PVR,  pulmonary  vascular  resistance. 
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RAP  (mmHg) 

PWP  (mmHg) 

Renin  activity  (mist.I 
Epinephrine  (pg/ml) 
Norepinephrine  (pg/ml) 
Heart  rate  (beata/min) 
Stroke  volume  (ml/kg) 
Cardiac  output 
3Pa  (tr.rJig) 

PAP  (mmHg) 

V02  '’.""’iu  *-l<g  ^) 

l.u'tuto  (."mol/D 
SVR  U.r.Hg-  1  ^-rain) 

PVR  I  ^-"un) 

•BE  (mmol/1) 


Table  2. 


Response  of  Swine  to  Induction  of  Anesthesi^j 


5  min  after  induction 


No 

anesthetic 


Ketamine 


Statist . 

Thiopental  interpret. 


-0.3 

•! 

0.8 

-1.2 

4 

0.7 

0.2 

+ 

0.2 

ns 

0.0 

* 

0.4 

0. 1 

0.6 

1.9 

4 

1.0 

ns 

h"^)  6.8 

■f 

2.8 

28.7 

1 

5.2 

8.9 

4 

4.3 

K>T,C 

285 

4 

70 

2657 

+ 

987 

690 

4 

310 

K>T,C 

209 

4 

62 

660 

4 

220 

287 

4 

170 

K>T,C 

162 

- 

24 

113 

+ 

11 

116 

4 

19 

na 

0.79 

0. 1 1 

0.76 

4 

0.10 

0.74 

4 

0. 14 

ns 

■kg"^117.9 

8.9 

76.9 

4 

5.  1 

74.0 

4 

5.9 

C>K,T 

97.2 

4 

9.4 

41.4 

; 

3.5 

52.1 

7.8 

C>T,K 

8.5 

+ 

0.7 

6.7 

t 

0.8 

8.1 

4 

0.6 

ns 

7.84 

+ 

0.55 

6.91 

4. 

0.44 

6.80 

4 

0.32 

ns 

1.43 

4 

0.37 

2.78 

4 

0.39 

2.12 

4 

0.37 

l^T  ^ 

42.3 

4 

4.9 

29.4 

4 

2.9 

33;  3 

4 

3.'=^ 

C>T,K 

3.67 

+ 

0.25 

4.82 

4 

0.38 

3.91 

4 

0.93 

ns 

0.4 

4 

0.5 

-0.6 

4 

0.5 

-0. 1 

-♦ 

0.5 

ns 

/Lac  (ramol/1) 


-0.01  -t  0.06 


0.55  d  0.23  0.65  0.2i4 


C<K.T 


e  to  Induction  of  Anesthesia  during  30%  Hypovolemia 

Auction  50  min  after  induction 


Statist . 

No 

Statist . 

iopental 

interpret . 

anesthetic 

Ketamine 

Thiopental 

interpret 

-  2 

•  0.2 

ns 

-0.4  ± 

0.7 

-1.4  ± 

0.5 

0.4  1 

0.4 

ns 

.9 

*  1.C 

ns 

0.2  ± 

0.4 

0.4  i 

0.6 

0.9  ± 

0.4 

ns 

.  9 

•  ? 

K>T,C 

8.0  i 

2.6 

17.7  1 

4.6 

5.3  ± 

2.2 

1?  cT 

*  310 

K  >  T  ,  C 

534  7 

246 

2139  i 

1612 

453  ^ 

142 

K>C,T 

• 

1  72 

f.  >7,  C 

459  t 

132 

598  i 

367 

191  ± 

101 

T  cT 

■  19 

ns 

164  + 

23 

121  t 

12 

121  ± 

18 

ns 

’  '•* 

•  0.19 

ns 

0.84  * 

0.13 

1.01  i 

0.07 

0.86  ± 

0.09 

ns 

*  ^ 

C>K,T 

123.5  - 

7.6 

112.9  * 

9.0 

100.8  + 

5.5 

ns 

1 

C>T,K 

107.5  i 

7.4 

79.7  ± 

9.1 

77.3  ± 

10.9 

C>T,K 

•  0.6 

ns 

9.9  i 

1.0 

8.3  ± 

1.0 

9.6  ± 

13 

ns 

•  0.  32 

ns 

7.33  1 

0.33 

7.40  * 

0.70 

7.18  ± 

0.26 

ns 

■  0.37 

T'T  Z 

1.42* 

0.58 

3.31  t 

0.45 

2.11  1 

0.36 

K>T,C 
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Table  2  (continued )--Footnotes: 


Values  are  means  •  SE;  n  =  7  per  group.  I 

Group  C,  no  anos  t.  iio  t  ic  ;  Group  K,  ketamine;  Croup  T,  t  ii  ii'pen  tai  . 

RAP,  mean  right  atrial  pressure;  PWP,  pulmonary  arterial  wedge  pressure;  BPa,  mean  sy 
pulmonary  arterial  blood  pressure;  Vg^,  oxygen  consumption;  SVR,  systemic  vascular  rcs,..aa' 
BE,  change  in  base  excess  from  previous  state;  .'Lac,  change  in  blood  lact  atf.  uuk 'Jitl.t  at  t 


K  C  T  means  that  K  is  not  statistically  different  from  C,  nor  is  C  different  Crop  T, 


pent.)  1  . 

wedge  pressure;  BPa,  mean  systemic  arterial  blood  pressure;  PAP,  mean 
VF, ,  systemic  vascular  resistance;  PVR,  pulmonary  vascular  resistance; 
in  tlocd  lactate  concentration  from  previous  state. 

,  nor  is  C  different  from  T,  but  that  K  is  statistically  different  from  T 


Table  3.  Response  of  swine  to  induction  of  anesthesia  with 


enflurane,  iialothane,  or  isoflurane  during  30%  hypovolemia 

Induction  of  Anesthesia 


Awake 

5 

min 

30 

min 

Hypovolemic 

C 

H 

L 

1 

C 

H 

E 

1 

BPa 

97 

97 

36 

28 

29 

108 

55 

45 

43 

Q 

111 

Ufa 

67 

65 

61 

124 

fafa 

86 

91 

HR 

155 

162 

145 

150 

121 

164 

150 

152 

137 

SVR 

4A 

42 

2b 

21 

25 

45 

30 

24 

26 

EPl 

746 

2a5 

833 

426 

469 

534 

712 

383 

332 

NEPl 

463 

209 

249 

291 

121 

459 

266 

301 

124 

Renin 

9.  1 

6.8 

23 

17 

26 

8.1 

30 

16 

18 

Lac  ta  te 

•HJ.7 

-0.0 

+0.6 

+1.4 

+0.9 

0 

-0.1 

-0.4 

Table  8.  Minimal  Anesthetic  Dose  of  Ketamine  and  Thiopental  In 
Swine  during  Normovolemia  and  after  Hemorrhage 

Miniciuin  Anesthetic  Dose  (mg/kg)  Reduction  in  minimum 


During 

During 

anesthetic  dose 

during 

Drug 

Normovolemia 

Hypovolemia 

hypovolemia 

(%) 

Ketamine 

17.50+0.72 

10.31±0.60* 

40±5 

Thiopental 

11.25+1.02 

7.50±0.72* 

33±5 

Data  are  mean 

+  SE. 

n  =  4  per  group 

♦Statistically  different  (P  <  0.05)  from  normovolemic  state 


Table  9:  Response  to  30%  hemorrhage  In  awake  swine  used  for  evaluation  of 


use  of  N2O  for  induction  of  anesthesia  during  hypovolemia 

Normovolemia  Hypovolemia  P 


BPa 

133+3 

100+5 

<0.001 

Cardiac  output 

192+5 

121+6 

<0.001 

HR 

128+6 

182+9 

<0.001 

SV 

1.J55+0.07 

0.69±0.05 

<0.001 

SVR 

33.7+1.5 

40 .3+2.2 

<0.005 

Blood  lactate 

1-124^.14 

1.56+0.17 

<0.02 

V02 

7.74±p.27 

8.74±0.37 

<0.01 

Plasma  norepinephrine 

335+41 

731+66 

<0.001 

Plasma  epinephrine 

339+40 

677+118 

<0.02 

Abbreviations  and  units:  same  at  Table  1. 
n=10;  values,  mean  +  SE. 


Table  10:  Cardiovascular  and  metabolic  responses  5  minutes  after  induction  of 
anesthesia  in  hypovolemic  swine,  using  0.25  MAC  halothane  (Group  I)  or  0.25 


MAC  N2O  (Group  II). 


Group  I 

Group  II 

P 

BPa 

39+6 

61+10 

NS 

Qt 

63+6 

84+11 

NS 

HR 

157+15 

191±18 

<0.05 

SV 

0.42+0.04 

0.45+0.05 

NS 

SVR 

28.7+2.9 

36.4+4.3 

NS 

Lac  ta  te 

2.68+0.46 

2.28+0.26 

NS 

VO2 

5.85±0.48 

7.20±0.71 

NS 

Epinephrine 

2507+527 

2290±824 

NS 

Norepinephrine 

423+88 

1332+404 

<0.05 

0=10;  values,  mean  +  SE 


Abbreviations  and  units 


same  as  Table  1 


Table  11:  Cardiovascular  and  metabolic  responses  30  minutes  after  induction 
of  anesthesia  in  hypovolemic  swine,  using  0.23  MAC  halothane  (Group  I)  or 

0.25  MAC  N2O  (Group  II) 


Group  I 

Group  II 

P 

BPa 

56+6 

86+7 

<0.02 

Q 

105+10 

111+7 

NS 

HR 

154+15 

207+14 

<0.001 

SV 

0.71+0.06 

0.55+0.03 

<0.05 

SVR 

26.1+2.3 

38.3+4.0 

<0.02 

Lac  ta  te 

3.52+0.42 

2.84+0.49 

NS 

V02 

7.60±0.57 

8.86±0.60 

<0.05 

Epinephrine 

1241+313 

1592+623 

NS 

Norepinephrine 

404+73 

1203+337 

<0.02 

n=10;  values  mean  +  SE 

Abbreviations  and  units,  same  as  Table  1. 


Table  12.  Cardiovascular  Response  of  Awake  Hypovolemic 
Swine  to  Blockade  of  Angiotensin  II  (infusion  of  saralasin) 


Group  1 

Group  II 

P 

(saline) 

(saralsin) 

BPa 

111+7 

108+7  . 

NS 

HR 

164+22  ' 

169+9 

NS 

Q 

122+11 

113+11 

NS 

SVR 

943+69 

995+71 

NS 

Lacta  te 

2.42+0.60 

1.97+0.51 

NS 

Epinephrine 

341+149 

287+126 

NS 

Norepinephrine 

254+49 

303+64 

NS 

HYPovouenA'c 
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Comparison  of  Cardiopulmonary  Responses  to  Graded 
Hemorrhage  during  Enflurane,  Halothane,  Isoflurane, 
and  Ketamine  Anesthesia 

Richard  B.  Weiskopf,  MD,*  Mary  L  Townsley,  BA,f  Kathryn  K.  Riordan,  BS,:j; 

Karen  Chadwick,  BS,:j:  Mark  Baysinger,  BS,:j:  and  Eileen  Mahoney,  BA^ 


Weiskopf,  R.  B..  Townsley,  M.  I.,  Riordan,  K.  K.,  Chadwick,  K.,  Baysinger,  M.,  and  Mahoney,  E.:  Comparison  of 
cardiopulmonary  responses  to  graded  hemorrhage  during  enflurane,  halothane,  isoflurane,  and  ketamine  anesthesia. 
Anesth  Anaig  1 981  ;60:481  -91 . 

To  assess  the  influence  of  anesthetic  agents  during  mild  to  moderate  hemorrhage,  the  cardiopulmonary  function  of 
five  awake,  unmedicated  dogs  was  compared  with  that  during  anesthesia  with  enflurane,  halothane,  isoflurane,  and 
ketamine.  Each  dog  was  evaluated  during  anesthesia  with  each  agent  during  normovolemia  and  after  blood  losses  of 
10%,  20%,  and  30%.  Before  blood  loss,  in  comparison  with  the  awake  state,  ketamine  increased  heart  rate  (118  + 
11  beats/min,  awake,  vs  168  +  17)  and  cardiac  output  (5.3  ±  0.4  L/min,  awake,  vs  6.0  ±  0.2).  Halothane  and 
isoflurane  did  not  alter  these  variables.  Enflurane  decreased  mean  arterial  blood  pressure  (1 1 0  ±  2  torr,  awake,  vs  72 
±  3),  cardiac  output  (3.5  ±  0.1  L/min),  and  stroke  volume  (46  ±  4  ml,  awake,  vs  29  ±  2)  to  a  greater  extent  than  did 
the  other  anesthetics.  Blood  loss  decreased  cardiac  output  more  with  ketamine  than  with  the  inhalation  anesthetics 
(ketamine,  0.120  L/min/percentage  of  blood  loss;  halothane,  0.077;  isoflurane,  0.071 ;  enflurane,  0.058;  determined 
by  least-squares  linear  regression,  0-30%  blood  loss),  so  that  after  30%  hemorrhage  cardiac  output  was  essentially 
the  same  during  halothane  (2.45  ±  0.19  L/min),  isoflurane  (2.83  ±  0.19  L/min),  and  ketamine  (2.48  ±  0.15  L/min) 
anesthesia.  Also,  during  hemorrhage,  systemic  vascular  resistance  increased  most  with  ketamine;  thus,  after  30% 
blood  loss,  mean  arterial  blood  pressure  was  highest  with  ketamine  (ketamine,  94  ±  7  torr;  enflurane,  48  ±  5  torr; 
halothane,  81  ±  4  torr;  isoflurane,  58  ±  4  torr).  Rate-pressure  product  and  minute  work  were  highest  with  ketamime 
throughout  hemorrhage,  except  for  minute  work  after  30%  blood  loss.  These  cardiovascular  changes  were  reflected 
in  the  measurements  of  metabolism.  Total  body  oxygen  consumption  (Vo,)  was  highest  with  ketamine  after  0%  to  20% 
blood  loss  (e.g.,  after  0%  blood  loss;  ketamine,  8.6  ±  1.2  ml  of  Oj/min/kg;  enflurane,  4.5  ±  0.5;  halothane,  4.0  ± 
0.3;  isoflurane,  4.9  ±  0.6).  During  blood  loss,  Vo,  did  not  change  with  any  inhalation  anesthetic,  but  decreased  with 
ketamine  (6.0  ±  0.5  ml  of  02/min/kg  after  30%  blood  loss);  this  decrease  was  associated  with  an  increase  in  arterial 
blood  lactate  concentration  and  base  deficit  (ketamine,  BE  -8.0  ±  0.5  meq/L  after  30%  blood  loss),  suggesting  that 
oxygen  demand  was  not  met  during  hypovolemia  with  ketamine  anesthesia.  In  contrast,  lack  of  change  in  blood 
lactate,  base  deficit,  or  oxygen  consumption  during  hemorrhage  with  the  inhalation  anesthetics  suggests  that  oxygen 
demand  was  satisfied  when  the  dogs  were  bled  during  enflurane,  halothane,  or  isoflurane  anesthesia. 

Key  Words:  ACID-BASE  EQUILIBRIUM;  ANESTHETICS,  Intravenous;  ketamine;  ANESTHETICS,  Volatile;  enflurane, 
halothane,  isoflurane;  HEMORRHAGE;  anesthetics,  effects  of;  METABOLISM;  lactate. 


Hemorrhage  stimulates  the  sympathoadrenal 
system.  Anesthetic  agents  also  may  inhibit, 
stimulate,  or  have  little  influence  on  this  system  dur- 
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ing  normovolemia.  It  is  not  obvious  whether  addi¬ 
tional  stimulation,  no  effect,  or  inhibition  of  the  sym¬ 
pathetic  system  would  be  most  beneficial  in  anesthe¬ 
tized  hypovolemic  patients.  Hemorrhage  has  been  the 
subject  of  many  investigations,  most  using  one  of  the 
standard  "shock”  models,  in  which  an  experimental 
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.-.nimal  is  bled  to  and  maintained  at  a  predetermined 
arterial  blood  pressure.  Few  investigations  have  used 
graded,  measured  hemorrhage  as  the  independent 
variable. 

Although  a  few  limited  studies  of  hemorrhage  have 
used  awake  human  volunteers  (1),  and  some  studies 
have  used  awake,  restrained  animals  (2),  most  inves¬ 
tigations  have  used  anesthetized  animals.  These  stud¬ 
ies  usually  used  injectable  anesthetic  agents,  resulting 
in  varying  anesthetic  depth  during  the  course  of  the 
experiment.  When  an  inhalational  anesthetic  agent 
was  used,  induction  of  anesthesia  was  usually  accom¬ 
plished  with  an  injectable  anesthetic,  or  constant  end- 
tidal  concentrations  were  not  maintained,  resulting  in 
uncertain  depth  of  anesthesia.  When  the  influence  of 
anesthetic  agents  on  hemorrhage  has  been  investi¬ 
gated,  failure  to  remove  the  spleens  of  the  experimen¬ 
tal  dogs  (3-7)  could  have  allowed  uncontrolled  and 
unquantified  "autotransfusion"  of  as  much  as  35%  of 
the  shed  blood  (8). 

Only  Theye  et  al  (7)  compared  in  a  single  study  the 
influence  of  three  anesthetic  anesthetics  (cyclopro¬ 
pane,  halothane,  and  isoflurane)  on  cardiovascular 
function  during,  and  the  metabolic  consequences  of, 
equivalent  graded  hemorrhage  in  dogs.  Because  they 
used  survival  times  as  their  end  point,  comparing  the 
effects  of  different  anesthetics  in  the  same  animal  was 
not  possible.  They  did  not  remove  the  spleens,  nor 
did  they  compare  results  during  hemorrhage  with 
those  of  awake,  unmedicated  dogs. 

In  the  present  report  we  have  assessed,  in  hypo¬ 
volemic  dogs  in  which  spleens  had  been  removed,  the 
benefits  and  disadvantages  associated  with  the  admin¬ 
istration  of  anesthetics  with  differing  effects  on  the 
sympathetic  system.  Ketamine,  an  anesthetic  with 
stimulant-like  properties  that  is  frequently  recom¬ 
mended  for  clinical  use  during  hypovolemia,  was 
compared  with  halothane,  which  likely  inhibits  re¬ 
lease  and  activity  of  catecholamines  (9,  10),  and  with 
enflurane  and  isoflurane. 

Methods  and  Materials 

We  removed  the  spleens  from  five  healthy  mongrel 
dogs  (25  to  32  kg  each),  previously  trained  to  lie 
quietly  in  the  laboratory,  and  provided  them  with 
chronic  tracheostomies  and  exteriorized  carotid  arter¬ 
ies.  A  minimum  of  2  weeks  intervened  between  sur¬ 
gery  and  the  studies.  All  animals  were  in  good  health 
for  each  study.  All  dogs  were  studied  (in  random 
order,  separated  by  a  minimum  of  2  weeks  between 
successive  studies)  awake  or  with  1.15  MAC  of  the 
inhalation  anesthetics,  or  with  a  continuous  infusion 


of  ketamine.  All  animals  breathed  spontaneously  at 
all  times. 

For  the  studies  with  inhalation  anesthetics,  the  dogs 
were  connected  to  a  circle  breathing  circuit  through 
a  cuffed  tracheostomy  tube  and  a  non-rebreathing 
Rudolph  valve.  Animals  received  no  premedication. 
Anesthesia  for  the  studies  of  halothane,  enflurane,  or 
isoflurane  was  induced  with  the  agent  to  be  studied, 
and  was  maintained  at  a  constant  end-tidal  concen¬ 
tration  of  1.00%  halothane,  2,50%  enflurane,  or  1.69% 
isoflurane.  The  anesthetics  were  always  delivered  in 
a  mixture  of  oxygen  and  nitrogen  that  was  adjusted 
to  maintain  Pao,  close  to  100  torr. 

For  the  studies  with  ketamine,  anesthesia  was  in¬ 
duced  intravenously  with  5.0  mg/kg  of  ketamine,  and 
was  maintained  by  a  continuous  infusion  of  ketamine 
in  the  smallest  amount  necessary  to  prevent  gross 
movement  (mean  ±  SE,  0.25  ±  0.03  mg/kg/min). 
After  the  induction  of  anesthesia,  carotid  and  pul¬ 
monary  arterial  catheters  were  inserted  percuta- 
neously,  and  the  dog  was  placed  in  the  left  lateral 
decubitus  position. 

For  the  awake  studies,  animals  were  first  anesthe¬ 
tized  with  thiopental,  7.0  mg/kg;  anesthesia  was 
maintained  with  70%  N2O  in  O2  to  allow  for  place¬ 
ment  of  carotid  and  pulmonary  arterial  catheters.  No 
additional  thiopental  was  administered,  and  N2O  was 
discontinued.  Animals  were  studied  at  least  2  hours 
after  awakening,  at  which  time  resting  Paco.,  did  not 
differ  from  Paco,  measured  on  another  occasion  be¬ 
fore  administration  of  anesthetics  or  other  drugs. 

Ventilation  was  measured  by  using  the  rebreathing 
bag  in  the  circle  breathing  system  as  a  bag-in-a-box 
connected  to  a  wedge  spirometer  (model  570,  Med- 
Science  Electronics,  Inc).  We  continuously  measured 
Po.„  Pco„  and  the  partial  pressure  of  halothane,  en¬ 
flurane,  or  isoflurane  at  the  tracheostomy  tube  orifice 
by  mass  spectroscopy  (Perkin-Elmer,  model  MGA 
llOOA)  (11)  (Townsley  MI,  Brinks  HA,  Weiskopf  RB. 
Measurement  of  enflurane  and  isoflurane  by  mass 
spectrometry.  Abstracts  of  Scientific  Papers,  Annual 
Meeting  of  the  American  Society  of  Anesthesiologists, 
October  21-25,  1978,  Chicago,  Illinois,  pp  289-90). 
Carotid  and  pulmonary  arterial  pressures  were  meas¬ 
ured  by  transducers  (Statham  23  Db).  Mean  systemic 
and  pulmonary  arterial  pressures  were  derived  by  a 
Brush  recorder  preamplifier.  Cardiac  output  was  es¬ 
timated  using  a  thermodilution  technique,  a  thermis¬ 
tor-tipped  pulmonary  arterial  catheter  (Edwards  Lab¬ 
oratories),  and  an  analog  computer  (Ciould,  model 
SP1425),  Cardiac  output  measurements  were  repeated 
until  two  successive  measurements  displaying  satis- 
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factory  washout  curves  differed  by  no  more  than  0.2 
L/min.  This  usually  occurred  within  two  or  three 
measurements.  These  physiologic  parameters  and  the 
partial  pressures  of  the  measured  gases  and  vapors 
were  recorded  graphically  (Gould  Brush,  model  200, 
eight-channel  polygraph)  and  magnetically  (Hewlett- 
Packard,  model  8868 A  FM  tape  recorder).  Systemic 
vascular  resistance  was  calculated  as  mean  systemic 
blood  pressure  divided  by  cardiac  output.  Pulmonary 
vascular  resistance  was  calculated  as  the  difference 
between  mean  pulmonary  artery  pressure  (PAP)  and 
pulmonary  artery  wedge  pressure  divided  by  cardiac 
output.  Left  ventricular  stroke  work  (LVSW)  was 
calculated  as  the  product  of  mean  systolic  blood 
pressure  and  stroke  volume.  Left  ventricular  minute 
work  (LVMW)  was  calculated  as  the  product  of 
LVSW  and  heart  rate. 

Circulatory  and  ventilatory  variables  were  meas¬ 
ured  during  normovolemia  and  after  10%,  20%,  and 
30%  reductions  in  the  animal's  estimated  blood  vol¬ 
ume  (12).  Each  dog's  temperature,  measured  in  the 
pulmonary  arterial  blood,  was  maintained  within  1  C 
of  its  initial  value  by  the  use  of  circulating  water 
heating  pads. 

Successive  10%  reductions  in  blood  volume  were 
accomplished  by  drawing  blood  through  the  carotid 
arterial  cannula  over  a  period  of  approximately  10 
minutes.  The  blood  was  collected  into  sterile,  600-ml 
transfer  packs  containing  heparin,  so  that  the  final 
concentration  was  3  units  of  heparin  per  milliliter  of 
blood.  At  least  10  minutes  of  stability  was  allowed 
after  each  reduction  in  blood  volume  before  begin¬ 
ning  measurements  at  that  level  of  oligemia.  Follow¬ 
ing  studies  at  30%  blood  loss,  the  collected  blood  was 
transfused  through  a  microfilter  (Pall  SQ40SK  Ultipor 
blood  transfusion  filter);  20  minutes  lateral!  measure¬ 
ments  were  repeated  and  compared  with  values  ob¬ 
tained  before  hemorrhage. 

During  each  of  the  experimental  conditions,  Pao, 
and  Paco,  were  measured  by  Radiometer  electrodes 
in  steel  and  glass  cuvets;  pH  was  measured  by  a 
Severinghaus-UC  electrode  (13).  All  electrodes  were 
maintained  at  37  C.  Calibrating  gases  and  buffers 
were  measured  before  and  after  each  blood  sample 
reading;  the  measurement  was  corrected  for  electrode 
drift,  liquid-gas  factor  (14,  15),  and  the  dog's  temper¬ 
ature  (16)  Oxygen  concentrations  of  systemic  arterial 
(Cao,)  and  pulmonary  arterial  (Cvo,)  blood  were 
measured  in  duplicate  by  a  galvanic  cell  instrument 
(Lex-Oi-Con-TL,  Lexington  Instruments)  (17),  Base 
excess  was  estimated  using  a  modification  of  the 
equations  of  Severinghaus  (18). 


During  each  condition,  arterial  blood  samples  were 
obtained  for  enzymatic  measurement  of  whole  blood 
lactate  concentrations  (19). 

Results  in  the  normovolemic  anesthetized  state 
were  compared  with  results  in  the  awake  condition 
by  analysis  of  variance  with  repeated  measures  and 
by  Student's  f-test  for  paired  data.  For  each  anesthetic, 
the  influence  of  hemorrhage  on  the  measured  and 
calculated  variables  was  assessed  by  analysis  of  vari¬ 
ance  with  repeated  measures.  Comparison  among 
anesthetic  agents  at  normovolemia  and  at  each  level 
of  hemorrhage  was  accomplished  by  analysis  of  var¬ 
iance  with  repeated  measures  and  by  Newman-Keuls 
method  of  multiple  comparisons.  Data  obtained  in 
normovolemic,  anesthetized  state  after  the  return  of 
shed  blood  were  compared  with  data  obtained  before 
hemorrhage  using  the  paired  Student's  f-test  (20).  In 
all  cases,  p  <  0.05  was  considered  statistically  signif¬ 
icant. 

As  a  control,  all  animals  were  anesthetized  with 
ketamine  for  a  second  time;  the  same  induction  and 
maintenance  doses  were  used.  Although  no  hemor¬ 
rhage  was  instituted,  all  other  procedures  and  meas¬ 
urements  were  the  same  as  in  the  first  ketamine 
experiment,  including  the  times  at  which  measure¬ 
ments  were  performed.  Statistical  analysis  of  these 
data  did  not  indicate  significant  change  in  any  meas¬ 
ured  variable  with  time  during  ketamine  anesthesia. 

Results 

Awake  vs  Anesthetized  States  (during 
Normovolemia) 

Mean  (±5E)  values  for  the  five  normovolemic  dogs 
are  presented  in  Table  1. 

All  inhalation  _anesthetics  decreased  jr^ean  arterial 
blood  pressure  (BPa).  The  increase  in  BPa  observed 
during  ketamine  anesthesia  was  not  statistically  sig¬ 
nificant.  During  normovolemia,  BPa  was  higher  with 
ketamine  than  with  halothane,  which  was  higher  than 
with  isoflurane,  which  was  higher  than  with  enflur- 
ane. 

Cardiac  output  (Q)  decreased  with  enflurane,  in¬ 
creased  with  ketamine,  and  did  not  change  with  hal¬ 
othane  or  isoflurane.  During  normovolemia,  Q  was 
higher  with  ketamine  than  with  all  inhalation  anes¬ 
thetics,  and  significantly  lower  with  enflurane  than 
with  all  other  agents. 

Only  ketamine  altered  (increased)  heart  rate.  Left 
ventricular  stroke  volume  decreased  only  with  enflur¬ 
ane,  and  during  normovolemia  it  was  higher  with 
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Awake  Entiurane  Halothane  Isoflurane  Ketamine  1 


End-tidal  concentration  (%) 

0.0 

2.48 

+ 

0,03 

0  99  ±  0  01 

1.68 

0.01 

NA 

BPa  (ton) 

109  6 

± 

2  1 

71  8 

± 

3  3“ 

99  4  ±  2.3" 

83.0 

± 

7.0" 

124  0  ±  6  6 

HR  (beats,  min) 

1 18.4 

10  8 

117  8 

± 

2.8 

1  16.0  ±  5.8 

125.0 

± 

5.5 

167.6  ±  1  7.4  ' 

Q  (L,  min) 

5.29 

0  35 

3.45 

0  14" 

4.80  ±  0  18 

5.00 

0  20 

5.97  +  0  18' 

SV  (ml) 

45  6 

+ 

3  5 

29  4 

16" 

41  8  ±  2.6 

40.1 

0.7 

37.5  ±  4.8 

LVSW  (g  X  m) 

5.31 

0  47 

2.25 

0  21“ 

4.41  ±  0  37 

3.41 

+ 

0.31“ 

4.92  ±  0.66 

LVMW  (g  X  m/min) 

61 1 

± 

37 

263 

± 

19“ 

506  ±  30 

421 

27“ 

783  ±  44‘ 

SVR  (torr/L/min) 

21 .2 

1 .8 

21  0 

± 

1 .1 

20.8  ±  0  5 

16.8  ± 

1.8 

20.8  ±  1.4 

PAP  (Ion) 

1 1  2 

± 

2  0 

14.3 

1 .4 

14.7  ±  1.8 

14.5 

± 

1  4 

14.0  ±  1.6 

PVR  (torr/L/min) 

1  09 

± 

0  14 

1.62 

0.22 

1.52  ±  0.18 

1 .58 

0.39 

1 .85  ±  0.21 

C(a-v)o  (ml  0../dl) 

4.2 

± 

0.29 

3  8 

+ 

0.35 

2.2  ±  0.17" 

2.8 

± 

0.22“ 

4  2  +  0.53 

Vo.  (ml  Oj/min/kg) 

7,73 

± 

0.48 

4.46 

± 

0.52' 

3.95  ±  0.32" 

4.92 

0.55" 

8.55  ±1.17 

To;  (ml  Oj/min/kg) 

32.7 

± 

0.4 

20  1 

± 

1.6" 

29.7  +  0.8 

29.4 

2.0" 

36.8  ±  1 .2 

To./Vo. 

4.26 

± 

0.28 

4.65 

0.43 

7.76  ±  0.52" 

6.14 

0.49“ 

4.58  ±  0.53 

Pao,  (torr) 

97  8 

± 

3  8 

109.8 

3J- 

95.9  ±  1 .0 

107.9 

•4- 

5.2 

123.6  ±  8.4 

Paco,  (torr) 

31 .3 

± 

1 .5 

49.3 

2.8" 

42.0  ±  2.3" 

56.2 

2.3“ 

32.4  ±  0.9 

pHa 

7.439 

± 

0.01  1 

7  298 

+ 

0.018“ 

7.336  ±  0.010“ 

7.230 

0.022“ 

7  416  ±  0.015 

BE  (meq/L) 

-3.3 

± 

0.6 

-2  4 

±  0.7 

-3.4  ±  1.1 

-3.9 

± 

0.9 

-3.9  ±  0.7 

Hct  (%) 

38.1 

± 

0.6 

39.3 

0.6" 

38.7  ±  0.5 

38.3 

1.5 

38.8  ±  1.3 

Lactate  (mM/L) 

1.39 

± 

0  14 

0.33  ±  0.09'' 

1.83  ±  0.28 

0.86 

0.11" 

1.75  ±  0.41 

PAPw  (torr) 

5.5 

1 .7 

8  7 

± 

1.4 

7.1  ±  2.2 

7.6  ±  2.5 

5.3  ±  1.0 

RPP(x  10‘) 

16.8 

± 

1.1 

1 1.0  ±  O  S" 

14.5  ±  0.8 

13.9 

± 

1.2 

28.3  ±  2.8* 

Vt  (L/min) 

3.8  ±  0.5 

5.8  ±  0.9 

5.7 

± 

1.9 

14.5  ±  1,1 

f,  (breaths/ min) 

9.0  ± 

1.8 

19.2  ±  4.9 

21.9 

± 

12.4 

39.7  ±  4.4 

V,  (L) 

0  47 

± 

0.04 

0.32  ±  0.03 

0,37 

0.05 

0,38  ±  0.06 

•  Values  are  means  ±  SE  of  five  dogs.  Abbreviations  used  are;  BP  a.  mean  arterial  blood  pressure;  HR.  heart  rate;  Q,  cardiac 
output,  SV.  stroke  volume;  LVSW,  left  ventricular  stroke  work;  LVMW,  left  ventricular  minute  work;  SVR,  systemic  vascular  resistance; 
PAP,  mean  pulmonary  arterial  pressure;  PVR.  pulmonary  vascular  resislance;  C(a-v)o,.  arterial-venous  oxygen  concentration 
difference;  Vo  .  total  body  oxygen  consumption;  To.,,  oxygen  transport;  Pao...  partial  pressure  of  oxygen  in  arterial  blood;  Paco,. 
partial  pressure  of  carbon  dioxide  in  arterial  blood;  pHa,  arterial  blood  pH;  BE,  base  excess  ot  arterial  blood;  Hct,  hematocrit;  PAPw, 
pulmonary  arterial  wedge  pressure;  RPP,  rate-pressure  product;  Ve.  expired  minute  ventilation;  f,  respiratory  frequency;  Vt,  tidal 
volume;  NA.  not  applicable.  Comparison  of  responses  produced  by  each  anesthetic  separately  with  awake  state;  “p  <  0.05,  “p  < 
0.01 ,  p  <  0.005,  and  '’p  <  0.001  For  other  statistical  information,  see  Tables  5  and  6. 


isoflurane  and  halothane  than  with  ketamine  and 
enfl'T.Tiie. 

LVSWork  decreased  with  isoflurane,  and  to  a 
greater  extent  with  enflurane.  Ketamine  and  halo¬ 
thane  did  not  alter  LVSW;  consequently,  LVSW  was 
lower  with  enflurane  than  with  the  three  other  anes¬ 
thetic  agents.  Similarly,  LVMW  declined  with  enflur¬ 
ane  and  isoflurane,  but  increased  with  ketamine  as  a 
result  of  increased  heart  rate.  Consequently,  during 
normovolemia,  LVMW  was  greater  with  ketamine 
than  with  the  three  other  anesthetics,  whereas  LVMW 
was  lower  with  enflurane  than  with  the  three  other 
anesthetics. 

None  of  the  four  agents  altered  peripheral  or  pul¬ 
monary  vascular  resistances  or  mean  pulmonary  ar¬ 
terial  or  pulmonary  wedge  pressures. 

Total  body  oxygen  consumption  (Vo.)  decrea.scd 
with  all  three  inhalation  anesthetics  and  did  not 
change  with  ketamime.  Consequently,  during  nor¬ 


movolemia,  Vo.  was  higher  with  ketamine  than  with 
all  three  inhalation  anesthetics.  The  ratio  of  oxygen 
transported  to  oxygen  consumed  (To./Vo.)  increased 
with  halothane  and  isoflurane,  but  did  not  change 
with  either  ketamine  or  enflurane.  During  normovo¬ 
lemia,  To.yVm  was  higher  with  halothane  than  with 
all  other  agents,  and  was  higher  with  wotlni.ine  ili.m 
with  either  enflurane  or  ketamine 

None  of  the  anesthetics  altered  h.i  .i  (  >  ■  i 
lactate  concentrations  dei  reased  so.ni  I  >  • 
flurane  and  isoflurane  ,md  did  n.  .'  ■  .  , 

thane  and  ketamine  T  here  w.o 
blood  lactate  coinenti  ite  r 
agents  during  normo\i>leti  ... 

Physiologic  Sequelae  of  Hemotri.i, 

Cardiopulmonarc  .'i  ,- 

agents  during  '0'  'i'  .  | 

shown  in  I  able-  .'  ;  .  . 
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Halothane 


Isoflurane 


Ketamine 


Enflurane 


End-tidal  concentration  (%) 

2.49  ±  0.04 

1 .00  ±  0.01 

1.72  ±  0.02 

NA 

BPa  (torr) 

69.6  ±  2,6 

91.8  ±  3.3 

77.8  ±  4.4 

124.0  ±  5.6 

HR  (beats/min) 

117.4  ±  2.9 

104.6  ±  5.3 

120,2  ±  2.7 

177  8  ±  17.6 

0  (L/min) 

2.92  ±  0.10 

3.74  ±  0.08 

4.15  ±  0.12 

5.1 1  ±  0.39 

SV  (ml) 

23.8  ±  0.4 

36.0  +  1 .7 

34.6  ±  1,3 

29.8  +  3.1 

LVSW  (g  X  m) 

1.74  ±  0.07 

3.51  ±  0.28 

2.86  ±  0.23 

3.86  ±  0.35 

LVMW  (g  X  m/min) 

215  ±  15 

362  +  15 

343  ±  26 

672  ±  58 

SVR  (torr/L/min) 

23.8  ±  0  7 

24.6  ±  1.1 

18.7  ±  0.9 

24.7  ±  2.0 

PAP  (torr) 

12.3  ±  1.3 

11.7  +  1.9 

11.9  ±  1.0 

11.6  ±  1.9 

PVR  (torr/L/min) 

1.94  ±  0.33 

1 .47  ±  0.28 

1 .75  ±  0.26 

1.82  ±  0.07 

C(a-v)o;  (ml  Op/dl) 

4.4  ±  0.48 

3.4  ±  0.14 

3.7  ±  0.37 

6.0  ±  0.70 

Voj  (ml  Op/min/kg) 

4.39  ±  0.61 

4.70  +  0.12 

5.40  ±  0.53 

10.53  ±  1 .24 

To,  (ml  Op/min/kg) 

16.4  ±  1.6 

23.1  ±  0.6 

23.0  ±  1.1 

31.2  +  1.9 

To,/Vo, 

3.92  ±  0.43 

4.93  +  0.17 

4.42  +  0.50 

3.08  ±  0.28 

Pao,  (torr) 

1 10.9  ±  3.5 

96.9  +  3.4 

105.4  ±  2.6 

123.1  ±  5.7 

Paco,  (torr) 

45.2  ±  1.8 

42.4  ±  2.1 

54.5  ±  3.2 

30.0  ±  1 .4 

pHa 

7  328  ±  0.010 

7.329  ±  0.01  2 

7.230  ±  0.027 

7.401  ±  0.020 

BE  (meq/L) 

-2.5  ±  0.6 

-3,9  +  1.0 

-4.9  ±  0.6 

-5.5  ±  1,1 

Hct  {%) 

38.3  +  0.6 

37.1  +  0.9 

36.4  ±  1 .0 

37.8  ±  1.1 

Lactate  (mM/L) 

0.34  ±  0.10 

1.87  ±  0.24 

0.88  ±0.14 

2.57  ±  0.43 

PAPw  (torr) 

6.6  +  1 .6 

6.3  ±  1.8 

5.2  ±  2.1 

5.1  ±  1 .0 

RPP  (X  10"*) 

10.4  ±  0.3 

12.1  +  0.5 

12.4  ±  0.8 

30.5  ±  4.1 

Vt  (L/min) 

5.1  ±  0.4 

5.1  ±  0.6 

4.7  +  0.9 

15.0  ±  1.9 

f  (breaths/min) 

12.0  ±  0.9 

15.7  4  3.9 

14.5  ±  5.5 

48.2  ±  10.2 

V,  (L) 

0.43  ±  0.03 

0.30  +  0.02 

0.39  ±  0.05 

0.34  ±  0.04 

*  Values  are  means  ±  SE.  Abbreviations  are  defined  in  footnote  to  Table  1 .  For  statistical  Information,  see  Tables  5  and  6. 


TABLE  3 

Cardiorespiratory  Responses  of  Five  Anesthetized  Dogs  during  20%  Blood  Loss* 

Enflurane  Halothane  Isoflurane  Ketamine 


End-tidal  concentration  (%) 

2.52 

± 

0.02 

1 .02  ±  0.01 

1.69 

± 

0.02 

NA 

BPa  (torr) 

61.8 

± 

3.4 

88.8  ± 

2.8 

69.0 

± 

3.3 

1 12.4 

± 

7.9 

HR  (beats/min) 

119.6 

± 

4.2 

113.8  ± 

8.9 

120.8 

± 

4.3 

190.2 

± 

27.0 

Q  (L/min) 

2.38 

± 

0.14 

3.10  + 

0.14 

3.52 

± 

0.13 

3  58 

± 

0.27 

SV  (ml) 

19.9 

± 

1.1 

27.8  ± 

1.9 

29.2 

± 

1.2 

20.2 

± 

3.0 

LVSW  (g  X  m) 

1.31 

± 

0.14 

2.62  ± 

0.25 

2.13 

± 

0.13 

2.61 

± 

0.51 

LVMW  (g  X  m/min) 

157 

± 

18 

290  ± 

11 

256 

± 

12 

468 

± 

90 

SVR  (torr/L/min) 

26  2 

± 

1 .4 

29.0 

± 

1.9 

19.8 

± 

1 .4 

32.6 

± 

2.3 

PAP  (torr) 

10.6 

± 

1.2 

10.0 

± 

1.4 

9.2 

± 

1.5 

9.2 

± 

2.1 

PVR  (torr/L/min) 

1  87 

0.31 

2.36 

± 

0.22 

1 .68 

i 

0.18 

1.99 

± 

0.82 

C(a-v)o,  (ml  Op/dl) 

5.9 

± 

0.50 

4.0 

± 

0.34 

4.2 

± 

0.21 

6.4 

± 

0.48 

V..  (ml  Op/min/kg) 

4.74 

0.41 

4.49 

+ 

0.22 

5.22 

± 

0.44 

8.05 

± 

1.41 

T  (ml  0,/min/kg) 

13.2 

± 

1 .5 

18.4 

± 

0.9 

19.0 

1.0 

20,2 

± 

2.4 

T  V  . 

2.82 

± 

0.31 

4.15 

± 

0.33 

3.70 

± 

0.25 

2.69 

± 

0.24 

P.1  dorr) 

104.2 

± 

3.2 

99.5 

± 

6.3 

103.0 

± 

2.9 

118.8 

± 

7.2 

P  ,  dorr) 

43.4 

± 

1.5 

42.9 

± 

2.3 

56.7 

± 

3.4 

32.2 

± 

1.3 

1  *'-< 

7.340 

± 

0.01 1 

7.321 

± 

0.013 

7.221 

± 

0.032 

7  361 

± 

0.01 1 

Ml  "-1-J  1  ) 

-2.6 

± 

0.5 

-4.5 

± 

0.9 

-4.7 

± 

0.8 

-7.4 

± 

0.8 

36.7 

± 

1.2 

36.4 

± 

1.0 

36.3 

± 

0.9 

36,0 

± 

1.0 

,  ■  ,t.  -M  1  1 

0.43 

± 

0.13 

1  68 

± 

0.24 

0.96 

± 

0.12 

2.76 

± 

0  66 

5.8 

± 

1,6 

2  9 

± 

1.2 

3.6 

± 

1.8 

6  1 

± 

2  1 

9.6 

± 

0.6 

12.6 

± 

0.4 

11.4 

± 

0.6 

29,4 

± 

5.7 

6.1 

± 

1.2 

6.8 

± 

1.2 

5.1 

± 

1.0 

12.1 

± 

2.3 

16,7 

± 

5.1 

19.2 

± 

5.2 

16  9 

6.3 

36,8 

± 

5  9 

0.39 

± 

0.04 

0.33 

± 

0.02 

0.37 

± 

0.05 

0.33 

± 

0.19 

• «'  <»'s  ♦  SE  Abbreviations  are  defined  in  footnote  to  Table  1 .  For  statistical  Information,  see  Tables  5  and  6 
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TABLE  4 
Cardiorespil 


Responses  of  Five  Anesthetized  Dogs  during  30%  Blood  Loss* 


Enflurane 


Halothane 


Isoflurane 


Ketamme 


End-tidal  concentration  (%) 

2.52 

±  0.02 

0.98  ±  0.01 

1.67 

±  0  02 

NA 

BPa  (torr) 

48.0 

±  4.8 

81.0  ±  3.5 

58,0 

±  4.0 

94.0 

± 

7,2 

HR  (beats/min) 

120.0 

±  5.5 

121.0  ±  10.7 

124.2 

±  4.4 

166.0 

11.8 

Q  (L/min) 

1.69 

±0.14 

2.45  ±  0.19 

2.83 

±  0.19 

2.48 

± 

0.15 

SV  (ml) 

14.0 

±  0.9 

20.7  ±  1.9 

24.2 

±  1 ,2 

15.4 

2.1 

LVSW  (g  X  m) 

0.72 

±  0.1 1 

1.79  ±  0.21 

1 .48 

±  0.10 

1  .74 

0.32 

LVMW  (g  X  m/min) 

87.7 

±  15.5 

208  ±  1 4 

185 

±  14 

288 

± 

50 

SVR  (torr/L/min) 

28  7 

±  2.4 

34.0  ±  3.2 

21 .0 

±  2.4 

38.4 

± 

3.2 

PAP  (torr) 

9.0 

±  0.9 

7.6  ±  1 .4 

6.9 

±  1.8 

6.0 

± 

1.9 

PVR  (torr/L/min) 

2.89 

±  0.35 

2.06  ±  0.26 

1 .52 

±  0.40 

1.98 

0.88 

C(a-v)o  (ml  Oj/dl) 

8.1 

±  0.79 

5.5  ±  0.53 

5.0 

±  0.58 

7.5 

+ 

1,09 

Vo  (ml  Oj/min/kg) 

4.48 

±  0.31 

4  .82  ±  0  23 

4.88 

±  0  19 

5.99 

± 

0.54 

To.  (ml  0.,/min/kg) 

9.03 

±  1.34 

13.5  ±  0.7 

14,1 

±1.1 

12.4 

± 

1.0 

To, /Vo., 

2.00 

±  0  25 

2  90  ±  0.24 

2.92 

±  0,28 

2.17 

± 

0.40 

Pao,  (torr) 

108  4 

±  3.0 

100.0  ±  7.1 

102.3 

±  5.2 

118.0 

± 

10.6 

Paco  (torr) 

41 .9 

±  2  6 

42.4  ±  2.1 

54.3 

±  3.5 

33.3 

± 

2.8 

pHa 

7.345 

±  0  024 

7,315  ±  0.01 1 

7.224 

±  0.029 

7.336 

± 

0.018 

BE  (meq/L) 

-3  4 

±  0.5 

-4.7  ±  0.8 

-5.7 

±  0.6 

-8,0 

± 

0.5 

Hct  (%) 

36.3 

±  0.9 

36.0  ±  1.7 

34.5 

±  0.9 

33.0 

± 

0.5 

Lactate  (mM/L) 

0  45 

±0  13 

1.79  ±  0.35 

0.93 

±  0.17 

3.13 

± 

0.46 

PAPw  (torr) 

4.0 

±  1.2 

2.6  ±  1.2 

3.1 

±  1.8 

3.8 

± 

1.5 

RPP(xlO') 

7.7 

±  0.9 

11.9  ±  0.6 

9.6 

±  0.6 

21.2 

3.5 

Ve  (L/min) 

7.3 

±  2.9 

7.2  ±  1.4 

6  3 

±  1.6 

10.9 

± 

0.9 

f  (breaths/min) 

24  9 

±  13.6 

19.2  ±  5.4 

21.3 

±  8.5 

33.4 

± 

6.2 

V,  (L) 

0.37 

±  0.05 

0.39  ±  0.10 

0.37 

±  0.05 

0.35 

± 

0.04 

•  Values  are  means  ±  SE  Abbreviations  are  defined  in  footnote  to  Table  1 ,  For  statistical  information,  see  Tables  5  and  6. 


analyses  of  the  effects  of  hemorrhage  on  each  variable 
are  given  in  Table  5. 

Progressive  hemorrhage  decreased  left-sided  filling 
pressure  (pulmonary  arterial  wedge  pressure)  with 
the  inhalation  anesthetics  but  not  with  ketamine; 
stroke  volume  decreased  with  all  agents.  Heart  rate 
did  not  change  with  hemorrhage  with  any  anesthetic 
agent;  consequently,  Q  decreased  progressively  with 
graded  hemorrhage  with  all  agents.  Systemic  vascular 
resistance  (5VR)  increased  progressively  during 
graded  hemorrhage  with  all  agents  but  insufficiently 
to  prevent  a  progressive  decrease  in  BPa,  which  oc¬ 
curred  with  all  agents.  Similarly,  pulmonary  vascular 
resistance  increased  during  blood  loss  with  halothane 
and  enflurane,  but  did  not  change  with  ketamine  and 
isoflurane.  Mean  pulmonary  arterial  pressure  de¬ 
creased  progressively  with  hemorrhage  with  each  an- 
esthetic  agent. 

As  BPa  decreased  without  alteration  in  heart  rate, 
both  stroke  work  and  minute  work  progressively 
decreased  during  graded  hemorrhage  with  all  anes¬ 
thetics.  However,  rate-pressure  product  decreased 
with  the  inhalation  anesthetics  with  blood  loss,  but 
decreased  with  ketamine  only  at  the  30%  level. 

As  Q  progressively  decreased  with  graded  hemor¬ 


rhage,  tissue  oxygen  extraction  [arterial-mixed  venous 
oxygen  concentration  difference,  C(a-v)02]  increased 
with  all  agents.  This  compensation  was  adequate  with 
the  inhalation  anesthetics,  but  not  with  ketamine; 
oxygen  consumption  did  not  change  with  blood  loss 
with  the  inhalation  anesthetics,  but  decreased  with 
ketamine.  Oxygen  transport  decreased  with  hemor¬ 
rhage  with  all  agents,  as  did  To./Vo,. 

Base  deficit  increased  with  blood  loss  with  all 
agents  except  enflurane.  Hemorrhage  did  not  change 
blood  lactate  concentrations  with  the  inhalation  an¬ 
esthetics;  blood  lactate  concentrations  increased  with 
hemorrhage  with  ketamine. 

No  ventilatory  measurement  (expired  minute  ven¬ 
tilation,  ventilatory  frequency,  or  tidal  volume) 
changed  with  hemorrhage  with  any  anesthetic.  Hem¬ 
atocrit  did  not  change  during  hemorrhage  with  halo¬ 
thane  or  ketamine,  but  decreased  slightly  with  en¬ 
flurane  and  isoflurane. 

Comparison  among  Anesthetic  Agents  of 
Physiologic  Sequelae  of  Hemorrhage 

Statistical  analysis  of  comparison  among  anesthetic 
agents  at  each  level  of  hemorrhage  is  presented  in 
Table  o. 
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TABLE  5 

Statistical  Analysis  of  Physiologic  Sequelae  of  Hemorrhage 
in  Five  Anesthetized  Dogs* 


Enflurane 

Halothane 

Isoflurane 

Ketamine 

BPa 

0.001 

0.001 

0.001 

0.001 

HR 

NS 

NS 

NS 

NS 

Q 

0.001 

0.001 

0.001 

0.001 

SV 

NS 

0.001 

0.001 

0.001 

LVSW 

0.001 

0.001 

0.001 

0.001 

LVMW 

0.001 

0.001 

0.001 

0.001 

SVR 

0.01 

0.001 

0.05 

0.001 

PAP 

0.001 

0,001 

0.001 

0.001 

PVR 

0.001 

0.05 

NS 

NS 

C(3"V)o ■ 

0.001 

0.001 

NS 

NS 

Vo 

NS 

NS 

NS 

0.05 

To., 

0.001 

0.001 

0.001 

0.001 

To, /Vo, 

0.001 

0.001 

0.001 

0.01 

P£lO; 

NS 

NS 

NS 

NS 

Paco? 

NS 

NS 

NS 

NS 

pHa 

NS 

NS 

NS 

NS 

BE 

NS 

0.05 

0  05 

0.01 

Hct 

0.01 

NS 

0.01 

NS 

Lactate 

NS 

NS 

NS 

0.01 

PAPw 

0.001 

0.05 

0.01 

NS 

RPP 

0.001 

0  05 

0.01 

NS 

Ve 

NS 

NS 

NS 

NS 

f 

NS 

NS 

NS 

NS 

V, 

NS 

NS 

NS 

NS 

■  Values  indicate  whether  or  not  hemorrhage  had  a  statisti¬ 
cally  significant  effect  on  indicated  variable,  p  is  less  than  the 
numerical  value  shown,  NS  =  p  >  0  05.  Abbreviations  ar*' 
defined  in  footnote  to  Table  1 . 

At  each  level  of  oligemia,  left-sided  filling  pressure 
was  higher  with  ketamine  than  with  halothane,  which 
in  turn  was  higher  than  with  isoflurane,  which  in  turn 
was  higher  than  with  enflurane.  Stroke  volume  was 
always  lower  with  enflurane  and  ketamine  (no  signif¬ 
icant  difference  between  the  two)  than  with  isoflurane 
and  halothane  (no  significant  difference  between  the 
two).  Heart  rate  was  always  higher  with  ketamine 
than  with  all  inhalation  anesthetics,  which  did  not 
differ  among  themselves.  Therefore,  cardiac  output  at 
normovolemia  and  during  10%  blood  loss  was  highest 
with  ketamine  and  lowest  with  enflurane;  there  was 
no  difference  between  isoflurane  and  halothane. 
However,  as  blood  loss  increased,  Q  decreased  to  a 
greater  extent  with  ketamine  (0.120  L/min/percentage 
of  blood  loss;  linear  regression,  r"  =  0,99)  than  with 
the  inhalation  anesthetics  (halothane  0.077,  isoflurane 
0.071,  enflurane  0.058  L/min/percentage  of  blood 
loss;  r"  =  0.98  to  1.00),  so  that  there  was  no  difference 
in  Q  after  20%  blood  loss  among  ketamine  (3.58  ± 
0,27  L/min),  isoflurane  (3.52  ±  0.13  L/min),  and 
halothane  (3.10  ±  0.14  L/min);  or  after  30%  blood 
loss  among  ketamine  (2  48  ±  0.15  L/min),  isoflurane 


(2.83  ±  0,19  L/min),  and  halothane  (2.45  ±  0.19  L/ 
min).  Cardiac  output  with  enflurane  was  less  at  all 
levels  of  oligemia  than  with  any  other  agent.  Com¬ 
pensation  for  the  decrease  in  Q  by  an  increase  in  SVR 
occurred  during  hemorrhage  with  all  agents,  but  to 
varying  degrees.  Although  there  were  no  differences 
in  SVR  among  agents  before  hemorrhage,  after  30% 
blood  loss  SVR  was  greatest  with  ketamine;  SVR  was 
greater  with  halothane  than  with  enflurane,  which 
was  greater  than  with  isoflurane.  With  all  agents, 
compensation  was  incomplete,  and  consequently 
BPa  decreased  progressively  with  graded  oligemia.  At 
all  levels  of  blood  loss,  BPa  was  always  greater  with 
ketamine  than  with  halothane,  which  was  greater  than 
with  isoflurane,  which  was  greater  than  with  enflur¬ 
ane. 

During  normovolemia  and  at  all  stages  of  graded 
blood  loss,  no  differences  in  mean  pulmonary  arterial 
pressure  or  PVR  occurred  among  the  anesthetic 
agents.  At  each  stage  of  graded  hypovolemia,  stroke 
work  and  minute  work  were  least  with  enflurane. 
Rate-pressure  product  was  greater  with  ketamine  at 
every  level  of  blood  loss  than  with  all  inhalation 
anesthetics. 

Tissue  oxygen  extraction  at  all  levels  of  hypovole¬ 
mia  was  least  with  halothane  but  did  not  differ  among 
the  other  agents.  Total  body  oxygen  consumption  at 
normovolemia  and  at  10%  and  20%  blood  loss  was 
higher  with  ketamine  than  with  the  inhalation  anes¬ 
thetics;  at  30%  hemorrhage,  Vo,  decreased  signifi¬ 
cantly  with  ketamine.  There  was  no  difference  in 
Vo,  among  the  agents  after  30%  blood  loss. 

These  differences  in  Vo,  were  reflected  in  arterial 
blood  lactate  concentrations  and  calculated  base  ex¬ 
cesses.  In  response  to  hemorrhage,  arterial  blood  lac¬ 
tate  concentration  increased  only  when  animals  were 
anesthetized  with  ketamine;  after  30%  hemorrhage, 
blood  lactate  concentration  was  higher  during  keta¬ 
mine  anesthesia  than  during  anesthesia  with  all  other 
agents.  Similarly,  base  deficit  increased  with  hemor¬ 
rhage  during  ketamine  anesthesia  to  a  greater  extent 
than  with  the  inhalation  anesthetics,  so  that  after  10% 
blood  loss,  base  deficit  was  higher  with  ketamine  than 
with  halothane  and  enflurane.  After  20%  and  30% 
loss,  base  deficit  was  greater  with  ketamine  than  with 
any  of  the  inhalation  anesthetics. 

Because  of  their  incomplete  nature,  data  from  two 
additional  animals  have  been  omitted;  these  animals 
died  as  a  result  of  ketamine  studies.  During  a  keta¬ 
mine  experiment  one  animal  died  from  progressive, 
uncontrollable  hyperthermia  and  cardiovascular  col¬ 
lapse.  The  other  dog  died  30  hours  after  failing  to 
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TABLE  6 

Statistical  Comparison  of  Ketamine  (K),  Halothane  (H),  Isoflurane  (I),  and  Enflurane  (E)  at  Normovolemia  and  at  Each  Level  of 
Hemorrhage  in  Five  Dogs* 


BPa 

HR 

Q 

SV 

LVSW 

LVMW 

SVR 

PAP 

PVR 

C(a~v)o^ 

Vo, 

To, 

To,./Vo, 


BE 

Hct 

Lactate 

PAPw 

RPP 

Vt 

f 


K>H> I >E- 
K> I =E=H- 
K>  I  =H>E- 
I  =H>K  =  E- 
K=H> I >E 
K>H==  I  >E- 
E  =  K  =  H=  I 

NS  - 

NS  - 

E=K= I >H 
K> I =E=H 
K>H= I >E - 

H> I >E=K 

K  E= I  H ■ 
I >E=H>K- 

K>H>E> I 

E=H=K= I 

NS - 

NS - 

K=H>  >E 
K>H= I =E- 
K>H  =  E=  I  - 
K> I =H=E- 


H  =  K=  I  >E- 


K  =  H  =  E>  I- 


K=  I  =H>E- 


K>H=E> I 

E>fr^n< 


K>H>  I  >E- 


I =k=h>e 


K=H= I >E 
K>H>E> I 


K= I =H=E 


H= I =E=K 


E=K=H> I 


E>H=  I  >K- 


■  Abbreviations  are  defined  in  footnote  to  Table  1 ;  NS,  no  significant  difference  among  agents.  Agents  listed  in  descending  order 

of  magnitude;  >  indicates  all  agents  to  left  of  symbol  are  statisticalty  (p  <  0.05)  greater  than  all  agents  to  right,  a  b  c>  a  indicates 

a.  b.  and  c  are  all  greater  than  d;  a  is  greater  than  c,  but  not  greater  than  b;  nor  is  b  greater  than  c.  Similarly,  abed  indicates  that 

the  only  statistically  significant  difference  is  that  a  is  greater  than  c  and  d.  a  b  =  c  d  indicates  that  a  is  statistically  greater  than  c  and 
d.  and  b  is  statistically  greater  than  d. 


recover  from  a  ketamine  experiment  in  which,  after 
30%  hemorrhage,  Q  and  BPa  were  lower  and  base 
deficit  was  higher  than  during  the  comparable  period 
of  the  halothane  experiment  in  the  same  dog.  No 
deaths  or  complications  occurred  during  or  after  ex¬ 
periments  with  any  inhalation  anesthetic. 

Discussion 

In  general,  the  influence  of  anesthetic  agents  in  our 
dogs  was  similar  to  that  observed  by  others  in  dogs 
(10,  21-29)  and  in  man  (30-39)  (Kopriva  CJ.  Hemo- 
dvnamic  effects  of  intravenous  ketamine  in  patients 
with  coronary  artery  disease.  Abstracts  of  Scientific 
Papers.  Annual  Meeting  of  the  American  Society  of 
Anesthesiologists,  October  1974,  pp  233-4).  No  other 
study  has  directly  compared  these  four  anesthetic 
agents  in  the  same  animals,  although  Miller  et  al  (40) 
recently  compared  halothane,  enflurane,  and  keta¬ 


mine  in  normovolemic  rats.  Differences  between  the 
two  studies  may  be  a  result  of  differences  in  species 
and/or  experimental  protocol. 

In  comparing  these  four  anesthetics  during  nor¬ 
movolemia,  only  ketamine  produced  cardiovascular 
stimulation.  Enflurane  in  equi-MAC  concentration 
produced  greater  cardiovascular  depression  than 
either  isoflurane  or  halothane.  All  inhalation  anes¬ 
thetics  decreased  total  body  oxygen  consumption,  but 
only  halothane  and  isoflurane  reduced  oxygen  de¬ 
mand  more  than  oxygen  supply. 

Comparison  among  Anesthetic  Agents  of 
Physiologic  Sequelae  of  Hemorrhage 

The  cardiovascular  stimulation  seen  with  ketamine 
during  normovolemia  persisted  during  hemorrhage 
At  all  levels  of  blood  loss,  left  heart  filling  pressure, 
heart  rate,  and  mean  arterial  blood  pressure  .vere 
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always  greatest  with  ketamine.  Similarly,  in  response 
to  graded  blood  loss,  5VR  increased  most  with  keta¬ 
mine.  However,  despite  the  stimulation,  cardiac  out¬ 
put  decreased  more  with  blood  loss  during  ketamine 
anesthesia  than  during  anesthesia  with  any  of  the 
inhalation  anesthetics.  After  30%  blood  loss,  no  sta¬ 
tistical  difference  in  Q  occurred  among  ketamine, 
isoflurane,  and  halothane.  As  a  result,  minute  work, 
rate-pressure  product,  and  oxygen  consumption  dur¬ 
ing  hemorrhage  were  always  highest  with  ketamine. 
After  30%  blood  loss,  Vo,  decreased  with  ketamine, 
but  did  not  change  with  the  inhalation  anesthetics, 
suggesting  that  oxygen  demand  was  not  met  at  this 
level  of  blood  loss  during  ketamine  anesthesia.  This 
•hypothesis  is  supported  by  the  more  pronounced 
changes  in  base  excess  in  response  to  hemorrhage 
with  ketamine  and  by  the  increase  in  blood  lactate 
concentrations  seen  only  with  ketamine  during  blood 
loss.  It  is  well  documented  that  hemorrhage  increases 
sympathetic  activity  (41).  Short->.erm  benefits  of  such 
stimulation  are  obvious:  increased  cardiac  output  and 
mean  arterial  blood  pressure.  It  is  far  from  clear  that 
the  cardiovascular  gain  is  worth  the  metabolic  price. 

Our  results  are  in  some  ways  analogous  to  those  of 
Theye  et  al  (7),  who  compared  survival  times  during 
removal  of  0  to  40  ml/kg  of  blood  from  ventilated 
dogs  with  intact  spleens  who  were  anesthetized  with 
cyclopropane,  halothane,  or  isoflurane.  Before  blood 
loss,  cyclopropane  resulted  in  higher  cardiac  output 
and  mean  arterial  blood  pressure  than  either  halo¬ 
thane  or  isoflurane.  The  authors  (7)  attributed  their 
results  to  higher  arterial  concentrations  of  epineph¬ 
rine  during  cyclopropane  anesthesia.  Their  observa¬ 
tions.  in  part,  also  may  have  been  a  reflection  of  the 
direct  vasoconstrictive  action  of  cyclopropane  (42) 
and/or  its  lesser  net  myocardial  effects  (43).  With 
hemorrhage,  Q  and  BPa  decreased  more  with  cyclo¬ 
propane  than  with  either  inhalation  anesthetic,  and 
arterial  epinephrine  increased  more  with  cyclopro¬ 
pane  than  with  either  inhalation  anesthetic.  Total 
body  oxygen  consumption  decreased  the  most,  and 
arterial  lactate  concentration  increased  the  most  with 
cyclopropane.  Survival  time  was  shorter  with  cyclo¬ 
propane  than  with  either  isoflurane  or  halothane.  Our 
results  with  ketamine  are  similar  to  those  obtained 
with  cyclopropane  (7).  By  anesthetizing  our  dogs  with 
each  anesthetic  agent  and  following  an  identical  hem¬ 
orrhage  protocol  each  time,  we  found  that  ketamine, 
like  cyclopropane,  docs  not  appear  to  be  as  useful  for 
maintenance  of  anesthesia  during  hemorrhage  as 
agents  that  are  not  sympathetic  stimulants, 

Longnecker  and  Sturgill  (44),  using  rats  that  were 


bled  to  BPa  of  40  torr  for  1  hour,  found  a  higher 
survival  rate  in  rats  anesthetized  with  ketamine  than 
in  those  anesthetized  with  pentobarbital  or  halothane. 
Longnecker  and  Sturgill  speculated  that  ketamine 
may  have  increased  survival  rate  in  these  animals 
because  a  balance  between  oxygen  demand  and  deliv¬ 
ery  was  maintained.  However,  they  did  not  measure 
blood  gas  tensions,  cardiac  output,  regional  blood 
flow,  oxygen  consumption,  or  blood  lactate  concen¬ 
tration.  Our  dogs  required  a  higher  Fio,  to  maintain 
Pao,  at  100  torr  when  anesthetized  with  the  inhalation 
anesthetics  than  when  anesthetized  with  ketamine. 
Because  Longnecker  and  Sturgill's  rats  breathed  room 
air,  it  is  possible  that  their  animals  which  were  anes¬ 
thetized  with  halothane  were  hypoxic.  Although  we 
did  not  measure  regional  blood  flow  or  metabolism, 
our  total  body  data  do  not  support  the  concept  that 
ketamine  maintains  a  balance  between  oxygen  de¬ 
mand  and  delivery. 

The  lack  of  change  in  heart  rate  with  hemorrhage 
that  we  noted  has  also  been  observed  previously  by 
others  (3-5).  Reviewing  several  hundred  of  his  exper¬ 
iments  on  dogs,  Wiggers  (45)  noted  that  heart  rate 
response  to  hemorrhage  was  somewhat  variable.  He 
found  that,  in  general,  when  heart  rate  was  initially 
below  100  beats  per  minute,  it  increased  in  response 
to  hemorrhage;  that  when  it  was  initially  150  beats 
per  minute  or  greater,  it  tended  to  decrease  in  re¬ 
sponse  to  hemorrhage.  Inasmuch  as  the  initial  heart 
rates  of  our  dogs  were  approximately  120  beats  per 
minute,  it  is  not  surprising  that  heart  rate  did  not 
change  with  hemorrhage. 

In  man,  duration  of  anesthesia  alters  the  cardiovas¬ 
cular  actions  of  halothane  (33)  and  enflurane  (30,  31) 
but  not  of  isoflurane  (37,  38).  There  is  no  evidence 
that  such  recovery  occurs  in  dogs.  Each  of  our  studies 
took  several  hours,  the  mean  time  between  induction 
of  anesthesia  and  measurements  made  after  30% 
blood  loss  being  282  minutes.  The  measurements 
taken  in  normovolemic  animals  during  the  early  part 
of  the  anesthetic  procedure  and  those  taken  late  in 
the  anesthetic  procedure  after  return  of  the  shed 
blood  did  not  differ  significantly.  Also,  during  several 
hours  of  ketamine  anesthesia  without  hemorrhage, 
measured  and  calculated  variables  did  not  change. 
These  two  facts  indicate  that  no  functional  mechanism 
altered  cardiovascular  function  with  time  during  an¬ 
esthesia. 

As  our  animals  breathed  spontaneously,  Paco  var¬ 
ied  among  anesthetic  agents  (Tables  5  and  6).  The 
dogs  were  mildiv  hvpocarbic  with  ketamine,  hvper- 
carbic  with  isoflurane,  and  nearly  normocarbic  with 
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halothane  and  enflurane.  Cardiovascular  stimulation 
caused  by  carbon  dioxide  is  blunted  by  halothane  (35, 
36),  isoflurane  (37),  cyclopropane  (46),  and  fluroxene 
(47).  Cardiovascular  depression  seen  with  enflurane 
during  controlled  ventilation  (31)  is  eliminated  when 
Paco,  is  allowed  to  increase  with  spontaneous  venti¬ 
lation  (30).  However,  after  several  hours  of  enflurane 
anesthesia  with  spontaneous  ventilation  in  volunteers, 
Pat  o.  returned  to  near  normal  values,  but  cardiovas¬ 
cular  depression  did  not  become  evident.  Thus,  at  the 
time  we  performed  our  measurements,  it  appears  that 
the  relationship  of  cardiovascular  stimulation  by  CO2 
during  enflurane  anesthesia  is  altered.  It  is  possible 
that  differences  in  Pco,  influenced  our  results.  There 
are  no  data  regarding  the  interaction  of  hemorrhage, 
anesthetic  anesthetics,  and  carbon  dioxide;  however, 
the  relatively  mild  hypocapnia  seen  with  ketamine 
(e  g.,  Pt  o,  33  torr  at  30%  blood  loss)  is  not  likely  to 
have  resulted  in  major  hemodynamic  changes. 

Clinical  Implications 

Our  data  suggest  that  ketamine  may  be  less  desir¬ 
able  than  halothane  or  isoflurane  for  maintenance  of 
anesthesia  during  moderate  hypovolemia.  However, 
it  may  be  inappropriate  to  translate  these  studies  in 
animals  directly  to  man.  Differences  and  similarities 
in  the  cardiovascular  effects  of  anesthetic  agents  be¬ 
tween  man  and  dog  during  normovolemia  may  not 
be  the  same  during  hypovolemia.  Finally,  our  exper¬ 
iments  did  not  study  the  effects  of  anesthetics  used 
for  induction  of  anesthesia  in  the  presence  of  preex¬ 
isting  hypovolemia,  and  consequently  we  can  make 
no  comment  in  this  regard.  The  considerations  and 
consequences  of  producing  acute  sympathetic  stimu¬ 
lation,  as  during  induction  of  anesthesia,  may  not  be 
similar  to  those  during  the  more  prolonged  mainte¬ 
nance  of  anesthesia, 
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ABSTRACT :  Decrease  in  hemoglobin  oxygen 

saturation  without  change  of  true  blood  base- 
excess  results  in  an  increase  in  calculated 
base-excess  because  of  differences  in  acidity 
between  oxy-  and  deoxyhemoglobin.  We  have 
determined  the  mean  ±  SE  canine  base-excess 
correction  coefficient  to  be  0.43  ±  0.01  mmol 
base  per  mmol  heme,  a  value  approximately  34% 
higher  than  the  corresponding  value  for  human 
hemogl  obi  n. 

KEY  WORDS:  acid-base  equilibrium;  canine 

blood,  carbamino-C02;  carbon  dioxide;  canine 
hemoglobin;  hydrogen  ion  concentration;  oxygen 

NEW  ABBREVIATIONS:  base-excess  correction 

coefficient;  • 


The  preferential  binding  of  CO2  by  deoxy- 
genated  blood  was  first  described  by  Christian¬ 
sen,  Douglas  and  Haldane.^  Dill,  Edwards,  and 
Consolazio^  quantified  the  physiological  sig¬ 
nificance  of  the  Haldane  effect  and  determined 
that  desaturation  of  hemoglobin  changes  the 
base-binding  capacity  of  human  blood.  When 
Bauer2.3  described  interaction  between  2,3- 
di phosphoglycerate  (2,3-DPG)  and  the  Haldane 
effect,  the  base-excess  correction  factor  for 
hemoglobin  desaturation  was  reexamined  by 
Siggaard-Andersen  and  Sal  ling. 30 

The  alteration  of  base-excess  by  oxygen- 
linked  hydrogen  ion  binding  may  be  expressed 
as;  iBE  =  •  [Hb]  [1  -  SO2];  where  aBE  is  the 

change  in  base-excess  as  a  result  of  hemoglobin 
desaturation,  is  the  base-excess  correction 
coefficient,  and  SO2  is  the  fractional  sat- 
turation  of  hemoglobin.  Siggaard-Andersen  and 
Sailing  found,  in  a  single  subject  with  normal 
base-excess  and  2,3-DPG  concentration,  the  val¬ 
ue  for  the  base-excess  correction  coefficient 
to  be  0.20  mEq/g  when  the  Hb  concentration  is 
expressed  in  g/dl ,  or  0.32  mEq/mmol  when  the  Hb 
concentration  is  expressed  in  mmol  heme  per 

liter. 20 

Rodkey  et  al.l3  estimated  a[HC03"]/a 
[Hb02]  canine  blood,  but  because  of  the 
variability  in  their  data  and  the  absence  of 
measurement  of  2,3-DPG  concentrations,  we  have 
estimated,  for  ca  .ine  blood,  the  base-excess 
hemoglobin  desaturation  correction  factor,  ■  . 


METHODS; 


Fifty  milliliters  of  arterial  blood 


were  drawn  from  t.<ch  of  four  healthy  dogs  into 
glass  syringes  containing  1500  lU  heparin.  One 
milliliter  of  each  dog's  blood  was  set  aside 
for  subsequent  determination  of  2,3-DPG,l^ 


hemoglobin,^  and  methemogl obi n^  concentra¬ 
tions.  The  remaining  49  ml  of  each  sample  were 
divided  into  6  ground-glass  syringes  and  placed 
in  ice  for  later  preparation  and  analysis.  The 
resultant  6  blood  samples  from  each  dog  were 
tonometered  at  38°C  witn  gases  of  PO2  0  or 
600  torr  and  PCO2  25,  40,  or  65  torr.  Gases 
for  tonometry  were  prepared  on-line  with  CO2, 
O2 ,  and  N2  using  a  gas-mixing  flowmeter. 
PO2  and  PCO2  of  the  mixed  gas  were  monitor¬ 
ed  continuously  by  mass  spectroscopy  (Perkin- 
Elmer  MGA  llOOA)  and  adjusted  to  the  desired 
partial  pressures. 

Hemoglobin,  2,3-DPG,  and  oxygen  concentra¬ 
tions  and  PO2,  PCO2 ,  and  pH  were  measured 
for  each  syringe  blood  sample.  All  blood 
tensions  were  measured  at  SB^C,  in  duplicate, 
with  Radiometer  electrodes  (E5D46  and  E5036)  in 
Radiometer  steel -and-gl ass  cuvettes  {D616). 
Electrodes  were  calibrated  using  gas  mixtures 
previously  analyzed  in  triplicate  by  the  method 
of  Scholander. Calibration  gases  of  0.00% 
or  90.80%  O2  and  3.33%,  5.20%  or  9.57%  COp 
were  selected  so  that  calibration  was  performed 
with  the  standard  PO2  or  PCO2  closest  to 
the  expected  blood  gas  value.  The  appropriate 
calibration  gas  was  measured  before  and  after 
each  blood  measurement.  The  pH  of  each  blood 
sample  was  measured  at  38°C  ’n  duplicate  using 
a  Severi nghaus-UC  pH  electrode^o  calibrated 
with  Radiometer  precision  buffers  (pH  7.381  and 
6.838)  in  3  ml  glass  ampules.  The  7.381  buffer 
was  measured  before  and  after  each  blood  pH 
measurement.  Blood  gases  and  pH  were  corrected 
for  electrode  drift  as  necessary  and  PO2  was 
also  corrected  for  the  blood-gas  factor. 9 
PO2  values  of  fully  oxygenated  samples  were 
read  every  15  s  for  5  min  after  placement  of 
blood  into  the  cuvette.  True  PO2  was  estima¬ 
ted  by  plotting  PO2  against  time  and  extrapo¬ 
lating  the  linear  fall  of  PO2  to  the  time  of 
insertion  of  the  blood  into  the  cuvette.  The 
O2  concentration  of  each  blood  sample  was  mea¬ 
sured  in  duplicate  using  an  electrolytic  cell 
(Lex-02-Con-TL ,  Lexington  I nstruments) .  12 

Log  PCO2  was  plotted  against  pH,  and  least- 
squares  linear  regression  lines  were  drawn 
through  each  set  of  3  points  of  equivalent  hemo¬ 
globin  saturations.  The  base-excess  was  esti¬ 
mated  at  the  intersection  of  the  computed  line 
and  the  base-excess  curve  for  dogs  as  determined 
by  Scott  Emuakpor  et  al.l2  difference 

between  the  estimated  base-excess  (in  mmol/1) 
of  oxygenated  blood  was  used  to  calculate  ■  (a 
correction  factor  without  units);  =  ABE/[Hb] 
[I-SO2];  where,  in  keeping  with  the  terminology 


iiiiM-(r(ix  SI  n'l'Ki  (1099  sni.im 


and  abbreviations  of  Siggaard-Andersen  and 
Sailing, 20  Hb  is  the  heme  concentration  in 
mmol/1  after  correcting  for  the  presence  of 
methemogl obi n. 

RESULTS :  We  determined  the  mean  (±  SE)  canine 

base-excess  correction  factor,  ,  to  be  0.43  ± 
0.01  mmol  base/mmol  heme  (or  0.27  ±  0.007  mmol 
base/g  Hb).  The  range  of  in  the  four  dogs 
was  0.40  to  0.46.  Mean  differences  {±  SD, 
calculated  without  regard  to  sign)  between 
duplicate  analyses  of  all  samples  was  0.4  (± 
0.14)  torr  at  PCO2  =  25,  0.5  (±  0.27)  torr  at 
PCO2  =  40  torr,  and  0.6  (±  0.36)  torr  at 
PCOp  =  65  torr.  The  mean  difference  between 
duplicate  pH  analyses  was  0.0015  (±  0.0013)  pH 
units. 

The  mean  (±  SE)  slope  of  the  computed  li¬ 
near  regression  of  log  PCO2  vs  pH  was  -1.61 
(±  0.04)  (range  of  r2  =  0.998  -  1.000),  which 
agrees  closely  with  the  value  of  -1.56  (±  0.06) 
found  by  Rossi-Bernardi  and  Roughton.l^ 

DISCUSSION: 

Effect  of  Technical  Precision  on  Results: 
The  accuracy  of  the  determination  of  ■  relies 
heavily  on  the  technical  precision  of  pH  and 
PCO2  measurements.  The  effect  of  possible 
errors  in  the  measurement  of  blood  gases  on  the 
estimated  value  of  •  was  examined  by  altering 
all  blood  results  by  one-half  the  mean  differ¬ 
ences  between  duplicate  analyses  of  samples,  so 
as  to  create  a  maximum  possible  change  in  ■  . 
New  ■  's  were  calculated  using  the  methods 
described  above.  These  calculations  resulted 
in  a  mean  maximal  decrease  in  of  0.026  {± 
0.003)  or  a  mean  maximal  increase  in  of 
0.022  (±  0.005).  However,  the  agreement  of 
our  slopes  of  log  PCO2  vs  pH  with  those  pub¬ 
lished  by  Rossi-Bernardi  and  Roughton,!^ 
the  fit  of  our  points  by  linear  regression 
(range  of  :  0.998-1.000),  and  the  small 
variation  in  the  estimated  ■  among  the  four 
dogs  suggest  that  our  error  in  measuring 
PCO2  and  pH  was  considerably  less.  In  our 
laboratory,  using  the  same  procedure  and  the 
base-excess  curve  of  Siggaard-Andersen, 19 
mean  (±  SE)  of  normal  human  blood  is  0.33 
(±  0.01),  which  corresponds  closely  with  the 
value  of  0.32  published  by  Siggaard-Andersen 

and  Sailing. 20 

Each  dog's  hemoglobin  and  2,3-DPG  concen¬ 
trations  were  measured  seven  times.  The  SE  for 
the  hemoglobin  determinations  did  not  exceed 
0.1  mmol/1  for  any  dog.  Error  in  the  measure¬ 
ment  of  hemoglobin  concentration  should  not 
have  created  an  error  greater  than  1%  in  the 
estimation  of  .  2,3-DPG  concentrations  of 

3  dogs  were  found  to  be  within  the  normal 
range  of  15.4  (*  1.4)  umol  per  g  Hb  for  dogs.l 
The  slightly  higher  '  for  one  dog  may  have  been 
caused  by  its  somewhat  elevated  2,3-DPG.  We 
did  not  investigate  the  effect  of  2,3-DPG  on 
canine  ',  nor  are  we  aware  of  such  an  inves¬ 
tigation  having  been  performed  by  others. 

Effect  of  Changes  on  PCO  and  pH  on  '  :  Al¬ 
though  changes  in  PCO2  and  pH  are  known  to 
alter  ,  the  effect  is  very  small  if  no  acid  or 
base  is  added  and  blood  base-excess  remains 


constant  and  near  0.  Within  the  range  of  our 
measurements  (pH  7.2,  PCO2  65  torr  to  pH  7.6, 
PCO2  25  torr),  changes  produced  in  pH  and 
PCO2  to  estimate  should  have  changed  '  by 
less  than  0.003.20 

Our  estimated  value  of  0.43  for  canine 
blood  '  falls  within  the  range  of  0.39  to  0.80 
for  the  a[HC03" ] /a[ Hb02]  found  by  Rodkey 
et  al.l2  Dill,  Edwards,  and  Consolazio,° 
although  unable  to  directly  measure  blood  pH, 
found  the  correction  factor  for  human  blood  to 
be  approximately  0.44  mEq/mmol  or  0.27  mEq/g  at 
pH  7. 3-7. 5.  However,  more  recently  Siggaard- 
Andersen  and  Salling20  have  determined  a  val¬ 
ue  for  of  0.32  mEq/mmol  (or  0.20  mEq/g)  for 
human  blood,  and  we  have  confirmed  that  value 
in  our  laboratory  (unpublished  data).  Our  es¬ 
timated  value  of  ■  for  canine  blood  is  approxi¬ 
mately  34%  larger  than  that  for  human  blood. 

Use  of  the  human  blood  value  of  -  to  cor¬ 
rect  canine  blood  base-excess  results  in  a 
relatively  small  error  in  the  corrected  base- 
excess  value.  At  50%  desaturation,  with  a 
normal  canine  Hb  of  10  mmol /I,  use  of  the  human 
value  for  '  instead  of  the  canine  value  overes¬ 
timates  the  true  base-excess  by  approximately 
0.6  mmol/1.  We  do  not  have  a  clear  explanation 
for  the  difference  between  our  canine  value  and 
Siggaard-Andersen  and  Sailing's  and  our  own 
human  values.  Both  human  and  dog  hemoglobins 
have  identical  amino  acid  compositions  at  the 
sites  that  are  known  to  bind  CO2.®  It  is 
possible  that  amino  acid  differences  at  other 
locations  result  in  alterations  of  secondary  or 
tertiary  structure  of  canine  hemoglobin,  there¬ 
by  changing  its  oxygen-linked  hydrogen  ion  bind¬ 
ing;  however,  there  is  no  direct  evidence  to 
support  this  concept.  Alternatively,  the  high¬ 
er  value  for  ■  in  dogs  could  be  a  result  of 
greater  2,3-DPG  concentration.!  Nonmal  canine 
blood  2,3-OPG  concentration  (15.4  ±  1.4  umol 
per  g  Hb)  is  greater  than  that  of  human  blood 
(11.8  ±  1.4  umol  per  g  Hb).!  2,3-DPG  inter¬ 

feres  with  carbamate  formation  by  terminal  NH2 
groups  of  the  beta  chains  of  the  Hb  molecule, 
thereby  reducing  the  CO2  binding  capacity  of 
hemogl obi n. 3 . 10 , 1 5  Siggaard-Andersen  and 
Salling20  found  that  if  human  blood  was  deple¬ 
ted  totally  of  2,3-DPG,  the  base-excess  correc¬ 
tion  coefficient  decreased.  Their  data  only  in¬ 
cluded  these  two  points  (normal  and  0  DPG)  and 
thus  do  not  allow  for  detailed  assessment  of 
the  effect  of  variation  in  2,3-DPG  concentra¬ 
tion  on  the  value  of  ’  .  Although  we  did  not  sys¬ 
tematically  alter  2,3-DPG  concentration,  out- 
data  appear  to  support  the  limited  observation 
of  Siggaard-Andersen  and  Salling20  that  '  varies 
directly  with  2,3-DPG  concentration;  this  rela¬ 
tionship  may  account,  in  part,  for  the  higher 
in  dogs  in  comparison  with  man. 
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.ispirai  ion  I'. it  lent  s  who  are  niarki’dly  h\  pnteiisis  e  despite  rapid  intravenous  intnsinn 
also  rei|i,ire  e.n  h  intnhation  to  support  i;as  exehans*'  and  protect  the  airway,  since 
eerehr.il  |si  heini.i  niininonls  l  aiisi  s  tniisi  iilar  flaieidity  and  remircitation  of  Eastrie 
Hint  nits,  rile  di  s  isinii  as  to  when  to  iiitnhate  a  Inpntensise  awake  patient  in  the 
enierL'eiu  s  nmiii  is  dilfienit  to  iriakei  these  patients  are  nseally  eandiilates  for  iin- 
iiii  lha'e  si.rEers  hi'canse  of  eontiiiiiinE  Eross  lieinorrhaEe  If  anesthesia  is  nei  essarx 
for  intnii.ilioii  nt  the  trachea,  we  nsi-  a  ketainine-siut  inv leholine  seipienee  deseiiheil 
Lit  IT  *Ti  tins  ,irt  n  If 
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9  ii(uil  I  rarturcH  <nul  i  ppvr  .Mrutnj  hijurivs.  \ii\v.iv  .issrvsim  iit  i>  (In  in.iiti 
I .  .  .iirpi-  nf  III  'lii^  1:1111111  ni  p.ilu  iiK  MasMv«-  (.It  i.il  miiirn  V  iii.i\  umiU  hi 

!.  V  k!  .  .'isti  >i  (M'ti  (*i>  pli.ii  \  iio-.il  fdi  ni.i,  ami  lu-matoiiiafa  iif  mu  li  (lia( 

Ml  •  ■  ii  iff  li.u  (k  '»!  I  I  u  t'tli\ i‘oul(»toni\  I'v  luu  rs'^.irN  ni  (In-  ciiuTL’i-m  \  hkhm 

In  cl  .  ,iM  V  til'  '.It'  »>l  '‘N  lit  aii\  sU'-Kini:  >>'  (li‘  iipp'-i  .iilu.K  iiHlst  )<<• 

>  : :  1  .t  I  '  I  1 1 M  j'l  !m  iplc  I-'  f< '  ni''iu  I  I  111-  mamtriiam  r  «>(  a  pat«-uf  .lii  *a.i\  ami  lu  .u  <»ul 

< >|  k\jilal>l(  (rilnmjni'N  l'\  'sudden  ain\a\  olistnu  fitui  In  patimJN  with 
;i,.i  ii  i<  u  tiiK  s  i(  (in  iMandildi  and  maxilla  d.el'oite  lU  in  vdiuni  iii.tssixe  ('dema 
Ik, IS  I  I  to  iKOii  eial  intuliatiun  is  pn-letird  ami  is  nsn.ilU  «  asil\  ^ua-ciiiplished. 
vli.  I  id  A  i.*  leijuued  In  tin-  ninst  nlitundiMl,  tlu“  ti.uliea  max  hr  intnlufed  uitlumi 
,iin  st'i‘  'll  I!  till''  situation  is  Miisiiuli:(  cl.  xoiuitint:  max  net  i.r  ami  slrin.a  smtinn 
ic.'*  ’■<  inmiedicti  1\  a'.ail.il'le  Hlimi  nasal  intuhation  max  he  lia/aidcus  luHaiisc*  n( 
p  '!•  nil  '1  (  t|s.  jMseij'  s  into  nasal  sinuses  and  (In'  tranial  xanit  ami  tlir  pnssiliilifx  nl 

dtsl"  1.111  i'nee  . .  uid  tissii'-  It  is  uniisnal  lor  an  alert,  eoopeiatixe  patient  xxilli 

I  1  i.il  miuM<  s  to  icajiMM  intuliatiun  in  tiu'  eim'iUtniex  ch  paitim  nt  lloxxext't.  d  tins 
»s  ni'fss.a',  till  .ilu  ?  iiatix  (  s  (nr  direct  Lirxnuoseopx  and  intiili.ition  are  ()  topital 
i!:.  still  sKk,  sprax  ina  ot  an  anestlietu-.  .nid  adxam  inii  tin*  (arx iiiioseopc'  m  a  scric'x  ol 
'ta'.:*  '  '•!  «  a*  IK  lal  atiestliesia  xxitli  (ireoxx  Venation,  eiieeikl  pressure*.  (Iiiopc'iital  or 
[  '  .Mint  .tinl  siK  i  MIX  It  liolnu  r  I  letnu  s  n|  the  niam)il>l(*  alotn*  nsiiallx  do  ntjt  cause 
,  ;i  s  e.  liila  nItK  s  when  the  larxnx  is  normal 

In  i(i!e  a  ill'*  l.iixnx  iimx  cause-  lapul  respiratorx  ohstrnction  and  lecpiiie  ini- 
nc  th  jt-  I*. I.  in  i  tninx ,  In  less  nr'j.c  n(  spn  ctmns  ami  x\lic*n  .issc-ssinu  tin*  [xissihilitx 
■  [  s'  a'l  iniiitx.  a  histnix  n(  trauma  tt'  the  head  an<l  iieek.  stridtii.  h-.iai  sc*m‘ss.  and 
.  !  ■  !  it  MS  111  the  nick  .lie  all  suLti:e''t  ix  e.  1  he  most  ii<'<}ueiit  cause  <>1  ,i  |rac  t;irc*d  larx  iix 
Is  'i.i '  t  i  'u  c*  ti nm  a  dc'eelci  .it  mil  iniurx  .\  (r ac  tnrc'  in  (In*  rei:ic'n  o|  (  (S  t n  ( '.1  is  a 
I  'unimn  ,1  >sn<  iat  mil  I  liree  u  ''  (ill  ex  .iln  tl  i\  e  tests  (01  Lu  x  lineal  liaetuie  ai  '*  '  1  Miskmi: 
flu  lit  to  inaLe  a  hiuh-pili  hed  e  snimd.  xxhic  h  reipiires  inohili  <  1  ienai ytc*noid 

l'<inls  n  »i  .Uvil  tense  coids  and  (urn  tmiiuii:  uitriiisie  larxnue.il  neuromuseulat  uii'ch* 
intsitis  mdueci  larxnunsinpx  .nnl  d'  radioiiiaphx  ot  tin*  larxnx.  cspeci.dlx.  a 
eiimpi.ti  1  i/e\!  axi.ii  lonmiiiaphu  .('Vl  scan  It  fineertaintx  exists,  (ilic'iiiptu  laixii- 
: 'SI  opx  max  he*  perioMiied  iiudi  1  (opieaf  .mc'sthesia.  If  (fiis  (xpe-  of  uipjn  is  sus- 
i'ei  f-  d  ill  pessihle  uit( u  iual loii  slmnld  he  .u-c  uuuilatc*d  prior  to  uidiu  tion  <*(  i:c*m‘ial 
iiH  sf li-  sia.  sinee  laixmieal  ohstiuetion  m.ix  oca  111  chirnm  attc'nipted  tixuhc'al  intu- 
'‘ilioii  'I  he  latter  max  i.nise  mueos.il  stiippim:,  l>lc*echm:.  ot  dispkic  im*nt  ol  Irae* 
[end  caitil.i'Je  into  the  .iirxxax  liiiiieu 

'•'.hen  a  traetuied  I.uxnx  is  present,  larx luiofissni e  and  repaii  o(  mucosal  lae- 
:  if  I  't-s  ind  c  .11  tilaie  tr.ii  lin  e  s  .u  e  It  c*(jU(  iitlx  c  ai  ric*cl  out  (  d.issieallx .  a  trae*lu*olom\ 
Ml  L  1  local  lestlie-sia  is  pertoniii'd  (irst  \lfernatix«*lx .  lh'*ie*  aie  ie*ec  ut  repoits  til 
'  I  I  •'sld  tiaelie.il  mtuhalmn  throinjih  the  '.:lott?s.  '  This  should  he  atte'mpte  ci  onl\ 
■I  f'm  pjesk'Uc  e  u)  111.-  most  hemm)  pj  ropej  alix  e*  fimhiiUs  .iml  x\he*n  larx  mieal  xisn- 
ih/a!mf|  iskxcilleiit  II  .1  trae  heoloMix  is  neec’ssarx  ill  ati  iimooper.itix  e  child,  it  m.ix 
lu  ic  I  ‘  Mip’ished  lolloxvinu  a  small  dose  ot  ketamine  .is  .i  supph'im'iit  tu  loe  .il  anes- 

[hesia 

In  ■:!’  ,  Msr's  of  /mxsi/>/e  (mtidif  ((niijit  onii\t'.  uhen  it  h  unrrrtdin  u/ief/n-e  tin' 
if  ton  s.'/k  fn  nuiunn  t  1  \  u  iff  /x*  vfua  e’ssfn/.  that  ix  if  dim  aif  ith\(ni(  funi  couhl 
'f  <  fi  r  'll.-  '  I  ihi!  IS  should  In  cdi  1  ii'il  out  iti  dti  tttiu^z  nunu  n  ith  •  (fitijuiunt 

Old  ;  -  '  nm  I  i>  d<hi  for  miiiu'didft  tnu  lu  ('(ointf. 

Hi  dll  Itiiurifs.  \  hicli  jien  i  ntaue  ot  uneemseious  patient'-  with  leceiit  held 
n  ;m  K  '  : '  ju  11  e  ml  nhat mn  toi  nin  01  more  ot  the  ioiloxx  mu  three-  imhe..tmns  -.1  to 
i\  •  n  CM .ni  X'  a\  ohsi .  11.  t  ii  >n  1  to  prex  ent  aspii  at  ii»n  ol  sft » et  ions  .me I  ,  x-  to  insure 
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li\  pt  t  V  t  iitilat  iim  III  nniiT  to  iuinnni/i‘  iiiti'ai  i.itiiiil  pii  ssiiir.  If  it  is  Jrcitjrt)  not  to 
nitulKitr  .1  patu  nt  wlio  lias  a  tu  sh  lu  ail  hmuia,  this  iiitlis iilnal  must  iu*  obsi'rvtd 
p.  isoiunl  al)k‘  to  iiituliato  liiiii  or  lici  must  hv  nadils  .i\ailal»lr.  Siuldrii 
r.ipul  *lt  U  Moiation  (K^nrs  ijuito  (.(mimoulN  within  tin*  first  ft  w  hoiiis  aiui  thorfitiri- 
a  smuh*  i  \aluatioii  is  not  siillit  it  nt.  \\  Inm  iiossihlo.  corvit  al  films  art*  ohtaim-d  prmr 
to  Hitul>ation,  altliomih.  in  oiii  o\pcnfiu«\  lunk  Irat  tnros  art*  t|Uitf  ran*  in  jKitit-iits 
will,  rrpiim-  iiifni»ation  for  a  In  ad  iniuiA  If  it  is  snspt  tlfd  tliat  tiu*  ncfk  is  unstahh* 
a  n  !\i.  al  tollai  is  plat  t'd,  and  oral  intuh.ition  may  1m*  at!e*iiiptt‘d  iisiiiu;  a  ‘  litK-ktA- 
•vtHk  ln-nd  it  tlu*  tip  of  tlu*  fndotrathf.il  luht*  frt'atrtl  1)\  nif^ins  of  a  slylot.  If  oral 
ninlMtion  ap[u'ars  ti'chnit alK  strainlitknw ard.  wt*  do  nof  liosilatc  Iti  use  mnsth* 
:  !a\  ihIn  with  aj^jditafion  of  tritoid  ])ri  ssnrr.  followinu  a  pt^rhul  of  prcowilfii.ition 
riu  'Miwron  sfioiiKl  holti  tlu'  In  .id  ihirin^  tins  intuhation  and  warn  of  an\  impt-ndimi 
«‘\i.  i  '*MM*  extrusion  'Hie  iiltr?  n.iliv  rs  are  hliinl  nasal  intuhation.  wlueh  max  he  easx 
in  tin  hx  pel  A  ent  il.itini^  patu  nt,  oi  il  tone  permits,  intuhation  oxer  .i  fiheioptit 
hro-.K hoseope  II  .ill  else  fails,  tiaelieolomx  max  In*  in*tessaix 

Hall  iturates  other  le.pnotus.  m  miistle  relaxants  max  he  re(|iiir(‘d  to  eontnil 
M  'tlessiH  >s  •  itlier  to  jM'i  mtt  ( '  W  seannmi'  or  anuiomaphx  tn  to  prexeiit  an  iiiereast 
1 '  I  inlraet  anial  pre'-Niii  e  ow  im;  to  st t  amim;  t  ansi-d  h\  t he  ii  i  ilat loti  of  an  eiidof  raeheal 
II, he  The  ahihtx  to  eoiuhu  I  a  neurolo^^ie  assesMiieiit  is  theiehx  h'sseiied.  hii!  this 
^honM  not  hi  of  eonet'in,  I’ltliei  .i  siirunal  (leeom[)iession  is  indiealt'd  hx  llie  ladio- 
lo^ie  fimhM'^^  oi  if  not.  an  int r.ieranial  pressure  line  max  he  insertt'd  to  pemnl 
all  urate  om:om'.i  exaluatinn. 

f  luid  Kcvsuscifntion 

In  anx  pain  nl  m  xxhom  .i  in  iioi  mimx  is  siispeeled.  at  leasl  txxti  laii’e  hore 
mtr.ixenons  »  annulae  should  he  ms  ited.  om*  of  wliit  h  shonhl  he  ItKatetl  tfiitralK 
sn[M  nni  XI  na  eaxa  or  iiudil  atrinni'  <  fne  should  not  dt'pein!  upon  loxxt  r  exlienutx 
lines  to?  infusion  in  thost  patients  in  whom  disruption  of  iliae  xeins  or  the  inferior 
xi  tia  e.ix  a  is  a  possdiifitx  l  alfn  tei  sfinuld  hi.'  pfaeeil  in  (fie  fn'aihfer  in  alf  patients 
I  hose  x'dio  h.ixe  del n  ased  skin  peilusion  with  resultant  pallor  and  eoohiess.  narrow 
pulse  piessiire,  taehx ( .irdia.  and  mthostatii  hxpoteiiMoii.  an*  likelx  to  haxe  lost  m 
.  \i  I  ss  .  ,t  to  per  cent  of  their  hlood  xohime  ( i.irdiae  output  xxill  haxe  deereased 
111  .ipproxitnate  proportion  to  Mood  loss.  I  )('terioiation  of  mental  status  mdu  ates  a 
in< '!  r  sex  r  re  loss  (i|  Mood  X  oil  line,  nsn.illx  In  exiess  of  f(t  per  cent.  Fluid  resiist  it  at  ion 
sli"  ild  )»e  stinted,  it  is  Useful  to  sei |i u  nt i.illx  unmhei  eueh  iuax  hail  of  fluid.  Uliiod 
\'>lii!n‘  shciild  hi'  restored  to  at  least  a  lexel  at  whieli  a  eential  xenons  pii'ssuri  of 
s<  xeial  mm  IM  is  ohtamed  If  eixstaiion!  is  used  for  tins  purpost*.  or  nioie  liters 
m.ix  he  ic  ijiiired  d  the  pie'.HMislx  desuihed  siuus  are  present  If  a  pneuiiiatn  suit 
m  MV's  I  suit  has  lieen  mllated  .iioiuul  tfie  xntims  ah<lomen  ainl  lowei 
Iniihs,  .t  x.iii.ih'i-  hut  potentiallx  laiUi  ameuut  ot  mliaxaseulai  xoliinie  max  haxe 
In  i  •»  slutted  i  eiitrallx .  ’  I  he  iiie.isun  d  i  eiitral  xeiioU'  piesviire  will  (hen  not  he 
HI  .ir  ‘  111  ,iti  1 1  fleet  ion  of  total  int  r  ax  asi  ui.u  x  olume  The  suit  should  he  deflated  one 
I  >nip.H  ( M II  n(  it  .1  t  line,  w  ith  i  ai  eful  ofiseix  at  ion  of  hemodx  n  imie  status,  when  \  ol- 
;im  n  jti.iii  rm  nf  has  sfartid  and  when  immediafi  siirL^erx  <  an  he  perfoimeil  il 

te  I  I  -s  u  \ 

Pi  t’liK'dii  afion  Ancnts 

1  li'  si  sli'Hild  imf  he  iiM  d  ioiilmelx  l-.'.treine  eaiition  is  neei-ssaix  in  hxpoxo 
!'  I  Of  ( I  if  I.  It  t  .Old  .r^eofs  w  If  hoi  if  i  ff<  «  f  i  \  e  aiitiiloff  s  slum  Id  he  av  otr|e<)  Xlthfiuiih 
larf'.'i.s  ,|.  id.ifixe  m  Mliexiuo  j'aiii  anti  auMefx,  (hex  dilate  peiiplteial  hluod 


:i4 
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\t  vsi  K  and  i>rodutt'  furtlii  r  h\  potrnsioii  willi  resultant  ci-ndMal  isclieinia  ucldiiu; 
t'l  tin*  sfda1i\<*  ftler  t  ot  the  narcotie  catisinu  rt  uut ijitalion  of  i^astrk*  contents  aiul 
a'pualioii  ('nnetuhue.  3(H)  ini’  intraiiinsi  ulaiK  .  is  sometimes  .uIvtKated  a  means 
wi  t!i*_iea'iin:  gastric  iUiditx  m  eiiierueiiex  snriiery  patients  l!»is  is  not  iiiiiMMsal 
p.aetKe  .nul  isi-  (In  !iot  d{»  tliis  rontinelv . 


OPERATING  ROOM  MANAGEMENT 
Preparation  of  Equipment 

In  nrdt  r  to  pr-iNule  am  sthetic  (  are  tor  maior  trauma  at  a  moment  s  iintiee.  a 
rnii;pl<  l«  1\  n  adv  n]UTalMn'  rnoiu  sh«>ulil  he  as.ulahle  at  all  times.  I  he  aiiesthesinl- 
■  »mst  dintild  ha'  e  tin*  lollnwim’  itaenlK  c  lu  r  ked  e(|uipment  m  phu  e:  1 1)  ,inestlu*sia 
in.K  liiiie  2  '.nhime-rniitiolled  ventilator,  with  appropriate  values  preset.  i3'  sue- 
tii'p.  t  larv  n^osiope  with  spare  fdades  and  endotrac  heal  tubes  with  stvlets.  i5i 
appii'prute  di  uvls  ipant  uronium.  siuc  inv  kholine.  ketamine'  drawn  into  laheled  s\  * 
liners  O'  two  intravenous  intnsiou  sets  witli  tvnmps  and  hl<M)iI  warmers  piefilled 
w'th  vivst.dlonl  solution  7'  tna((  ri.d  lequiied  lor  plaei'iiu'iit  of  arterial  iim*s.  iS* 
w  nuun*;  blanket  and  or  a  ilevuc  t'»  piovidc  heated  humidilied  inspirc'd  leases.  (^i 
di  iihnllatni  w  ith  internal  and  external  [laddk  s  l(i^  ealilMaled  eqmtvmeut  to  monitor 
'  ii  <  t’lK  ,tr'li'*'.ii.tt)h,  arterial  blood  pressure,  c  nti.d  venous  pressure,  tieuromuseular 
!)!'»<  k  idi  md  tc  niiu  r.iture. 

(  hoiec  of  Anesthetic  (Re);ional  or  (ieneral) 

We  prefer  izeneral  anesthesia  to  leiiional  tor  the  more  major  injuries  particii* 
lariv  m  the  j)res(  uee  tit  an  unstable  t  arditn  ast  ular  status  or  injuries  of  tiu*  abdomen 
or  tia  rax  Spinal  anesthesia  does  not  peruut  eontrnl  of  ventilation  and  the  iv'sultanl 
sxm)vvthetu  hl(Kk  jireva  nts  an  inn)ortan(  liomeostatic  resi>onse  to  livpo\oU*una  In 
patients  ss  th  .i!k1  inufuil  mjuri<  s  the  extent  ol  the  mn  t'ssarv  e  xploration  and  pro¬ 
cedures  w  usiiall’.  uneertain  jireoiH  rativelv .  w  lueh  prev  lode  s  limited  hlcK-k  l(  v<‘ls 

I  >u  tie  other  hand  infiltr.ition  »uu  stliesia  or  reciou.il  blocks  can  he  extremelv  useful 

II  I  da  inana>;e:nent  ol  the  more  ininoi  penplu  ral  inpiries,  provided  tliat  attention 
!■  paid  tti  the  inaxMiiuni  safe  dcoe  of  the  at;en‘  selec  ted  n  lalixc-  to  the  p.itienl  s  hodv 

I  e  and  pliv  Nicai  status 

lodnctifin  and  Maintenance  ol  (>cncral  Aik.  stiu'sia 

I ;n’  iiidin  tioii  of  anest lifsi.t  aspira! ?•  ui  ot  vtasti  u  c  ou tents  intc*  the  luuus  in  iv 
1. 1  lie j .  I'so  e  1 1  linr  static  ei  or  ai iv  (  \  oiTiit  uej.  I  in  1  ittei  ni.o  l>(’  .iv  ouh  d  hv  iisme 
•  .i[  ic'  ml  1  .{V  t  i  ous  indm  lion  '•ec  jueina*  Winn  diapluaum.itu  i  elavatioic  me  ms  see  • 
/ud  iM  !(»  le'rhja)  jsi  lienu.i.  heav  \  se«laliou.  <*l  .Mu  -'tliesi.i,  p.ivsive  reum Ult.ition 
iii.is  ni.il  es  I  r  sidl  ol  the  dilfeiinie-  iij  pi  -ssure  hetvvivn  the  ahdoiium  and  the 
tlio!..-*  ''^V(i  il  hoi'is  ol  di'l.iv  in  seltedeknii  s.ir^erv  lu.iv  tkHie,is<*  the  pi.ihahilitv 
i»t  I  K»d  ;<  iii.utnu'j;  in  tlie  slomaeli.  hut  thi-v  is  iievei  toiallv  re'li.dde  ami  in.iv  lu* 
eeno.iu.di  .vP  d  }  '  die  uio’e-ie  v  ol  (lie  iiijurv  .V  low  cMstrie  .le  iditv  and  <ir  an  einpts 
'  >1  I  U  I  ..i.net  he  .issu lin’d  lor  exieiidi  el  ju*i  kmIs  !•  ilk>vv  inu  trauma.  I  ln-reioie.  die 
*  .11  '\e  1'^  s'n'ON  •.hi:i;|d  he*  t.ikea 

i  In  ..II  I  V  .i'  >nt<  stui.tl  (  listrui  ik  us  ■’!  iMsIr'Mhm  ieii.il  ,)e  ilm.iticm  .ii  !)ler<!ine 

I  (M  u  Min;  nIh'IiI'I  !'«•  pl.n»-i!  .  n  I  riie  stmii.ieji  ispn.iu  J  p  i«»i  Ui 

i  ,J  II  .lit)  i  ti  j  'lii>  dee*  lint  1  i.nf»  HI  e  i:  |)t\  iih 

1  ill'  prr  lU.  I  k*  f  a*'.  ,  il  ’  1  \  1 1 .1 »'»,  ( >1 » .  .Ill'  1  «>t  .;l  in'oili  itum  slm-  k!  in-  .I'.m-ss* 


•d 


\Nt  '  I  ‘H  sU  M  M  N)  SI'  >»■  I  kM  M  \ 

'  pnwi  rlul  smliMii  js.iil.iiilr,  .mrsllu*sJ.i  sIumiKI  Im*  iniiiu  im!  .i  small  il<»sf  «jI 

.t  III  i,il»  p>'lan/inu  rntis«  It*  rflasant  itlus  mas  mminn/f.iti  imrrasft)!  iiitittUasliK  pit'ssurt' hIk'ii 
M.  .  las  K  linliiM  Is  sul'stMpiciitls  .ulministcifcr*!.  prru\\ ^«‘uatu»n  li>r  at  1»msI  tl»r«‘c  ntinutt's  til 
'pn-  I  iMr.ifhiii*^  t»r  limr  '»r  list-  in.i\nnuni  ni'-pitatums.  th«‘u  antcruptistfriiu  pu'ssiirf  .ipj^li»*t! 
I  'M  t  I  lie  I  I  u  «>nl  t  .ti  t'ornprfssinc  tlic  uppiT  e*s(ij>ham»s  '  .  ami  a  riipull\'  ;u  111114  intr.is  fjunis 

lisp-i'.tn  -iikI  muse  li-  ri'lax.iiit  (iisualls  mi*  v  ins  K  holnu*  ailmtnisl<‘i r<l  iiitia\riiiitis]\ 


1  .ars niZ' )ss  t>j)\ .  ti.u  hfal  mtulialieiii.  l  uli  and  rlucks  ()l  tulu*  ItK-atioii 

arr  lanii'd  mit  iictnri'  cTH'i'id  jnrsstirc  is  rrinoxri).  IJ  i.irxn.uoscops  iind  intubation 
iM  «  \pett«  t)  t(*  1m‘  (linuiilt,  otiu’i  njitiims  nr,  in  onbn  nl  pu  lririuv.  intnliation 
I'alK  ii  u:  alls  nmlci  tt>pit  al  .iiwstlirsi.t-  -  it  norrssars  with  a  lilunaiptif  brom  lio- 
'P‘  "1  a  tiiU  lit  i>tomy  undi  i  liu  .il  ain  stlicsia.  In  mans  at  nto  injnt  ii  s  ol  tlu*  jaw 

a’al  ni  tk  in  snIikIi  tho  statn  ol  tlu*  tdiaiMix  is  in  d()nl>t.  we  pinifr  oral  iiititb.ition 
Midi  r  sisi.m  as  a  hrst  stop.  Tln  n.  ii  nasal  inlul)atioii  is  ii<|nin“d.  a  nasal  Inix*  inav 
b<  ads  ails  id  nndrr  dirtat  \  ision  w  ith  thf  lar\  n\  in  lull  \  irw  and  tlu*  aim  as  pioUatnsl. 
lliis  p«  rinits  tnil  rsalnatioii  ol  tlu*  minis  prior  to  nasal  intubation. 

\M  11‘iu'M'i  |)(ismI)I(‘,  Ii\ piiM'lciiii.i  '.liould  tu-  corri'c  led  lictoic  llir  patiritt  is 
ri  ,1'isp.ii  ti-d  to  till-  iipcr.itiiii;  morn  aitd  aiicstlicsi.i  iiidiK  t'd  II  rorrcctioir  is  mil 
possildi-  l.iH  .insi'  ol  tlif  iiatiim  anil  i  slcnt  nl  tire  iiijiirirs  ilhal  is.  tin-  rati-  ol  liinn- 
irrliaji  I'Mi  cds  tlin  ahilits  to  icstori  intras  asi  iilar  soIiiiik'I  it  may  Ire  m'('i.‘ssai\  to 
indiKi-  aiu  stln  sia  in  tlin  li\ pin oli  inn  patinnt  It  tin-  patii  nt  is  niuoiisi  ions  or 
SI  si  r.  Is  ol.inndnl,  intiilMtioii  ol  llic  tradu-.i  slimdil  In'  .na'iimplislnnl  witlnmt  dim's 
oi  ssith  nrnioniiiscnl  u  lilinkim;  aurnts  alone  It  the  patient  is  eonseions  despiti’ 
helm;  niu  oriei  talds  In  pin  nleniie,  other  tes  hniqnes  are  reipiirerl 

I . i  nn  se.irs  it  was  (.oininon  piai  tiee  to  use  an  ultra- rapidh  aetinj’  thio- 

h.i:  I  iiliit  ,i|r  sneh  as  thiopental  tor  indneiim  anesthesia  in  tliis  l  ireiimst.iiiee,  tre- 
qm-nlls  |•('sldtinu  in  aeute  des oinpeiis.itioii  iin'ludinn  death'  in  an  ulreadv  seserels- 
In  |ietensni'  patient  ''  I  hesi'  eliiiit  al  ohsers atioiis  nia\  he  attiihnled  to  the  iino- 
e.iidial  d.  ■pression  and  deereased  peripheral  seiions  tone  eiinsed  hy  these  aurmts  ’  ’  * 
Ketamine  is  a  r.ipidls  aelini;  intrasenons  auent  that  in  iioriiios oleinie,  he.dihy  pa¬ 
tients  and  lahoratoin  iiiiinals  results  in  imreased  heait  rate,  ssstemie  sasriilar 
le-  isianee.  hlood  pn  ssnre.  and  (  ardias  output. These  are  indireet  efl'eels  caused 
h\  nil  leasi  d  lenti.d  s\  iiipathetii  imtiloss  and  haroreeeptor  hloek.ule  and  deere.ised 
s.ioal  tone  ‘  \  ers  siii.dl  doses  ol  ketamine  (d  .'i.")  to  d.T  im:  per  k.i;  intrasemmslyi 
•  lie  inetiil  tor  indneim; '  aiiestliesi.i"  ni  Inposolemn.  In poteiisise  eoiisiioiis  patients, 
II  a  ilosi  me. iter  tliaii  tliat  dielated  In  tlie  elitlieal  situation  is  nserl.  the  indiresl 
stniiidilois  lesponses  are  not  elieited,  and  ketaiuiiie  s  diieil  .leiion  of  iiniK-ardial 
ill  pii  ssioir"  ni.n  result  in  i  aidios .m  idar  deennipensalion.  Onee  iiitiili.iled,  the  p.i- 
tn  nl  sh.mlil  he  nieelianie.dU  sentil.ileil  to  tree  the  .meslhesiol, mist's  ii.mds,  l-n  i- 
de:,,  I  Is  1.11  kinu  th.it  either  ri  s|nralors  .n  iilosis  or  .dkalosis  is  henelieial  diiiiim  mas- 
'i.e  Inpinoii  nn.i  We  theietore  .iltenq't  to  inainlain  iioi  i:ii>e,i|)ni,i.  svliieh  h.is  the 
added  , ids, lilt  lye  ol  not  eoiitusnm  interpretation  nl  .leid-li.ise  statin 

I  oikissnm  inihution.  onis  insm  ii  and  neninmnseidar  I'loikmi;  aueiits  are  ,iil- 
niinnleri  d  until  the  he  moils  n.iniie  situation  is  stahdieed  and  sssleiiiie  Idooil  pressure 
ini  s  n  ine.m  ol  al  least  .3(1  t.iir  \l  that  point  eerehi.d  periiision  shimlil  he  ,ide- 
riate  ,,;iil  |I  IS  then  .ippropnate  to  eoiisiiler  the  ailininislr.ilion  orolher  .meiils  Ihe 
-  " "  *  ’  pm'iile  analitesia  m  .mini  sia  ssith  ininiinal  e.irdios.isi  iil.tr  disliirhanee. 

elinn  d  Mln.ilion  n  .til!  in  ureat  (Inv  .mil  nmilitiDiis  m.n  ilelerioi .ite.  in 
“'I’h  lUents  th  it  ,ire  easils  leniined  in  ssliese  .iitioiis  .ne  re.idils  teimni.ileil 

'* . .  ''  (  seliipmpaiie  .ind  ,  thel  are  s-ontrainilii  .ite,|  heeaiise  ol  (he  risk  ot 

m  1  s,  itinu  ssill,  a  i.nitip!,  its  el  . . n  i  .mil  el,..|rie.d  eipiipnieiit. 


Hi*  I.  \h:  I'*  \\ ! 


It  ImI  Mi  I- 


•  I .  1 11'  It '  I  \  I  It  ijM  t  'j  i.lil'  ill  rl  (  >i''i  ''  '  '  1!  \  s'.  al  1 1  :iu  lu  '^Ir  i  ki  « !  iT  v  I  I .«  ■  t :  ..ti  i* 

,  lilt'll. Ill'  I’l  M'llli:!  iiir  Ilia'  I'l  '  iiittuuvU  a'lilni  iri  \(  i'  -in  ill  i  mui  tilr  il  ni'  l"i 
,-v,i!  Ii  il.'tliaiii’  o  1  pi  I  t'l  iii  fit  l!u'  !>.n  kuiuiciit  ot  Mm  p'  t  ^  <  (if  1,\V  L'.  t  .inil  ll^ 

I  anil.  I'l  iil.ti  I  ill  t  Is  'I'M'.  \  111  \li  . . .  ii.u  ai^fi!!^  an  iliK  <  !  n  i  \  m  .i :  ■  It  il  '1* 

'  a!nl  t(ta'  ft  si'll  i;i  sj  am  In  .uiJ ili  t  t »  a'-i  «!  il:'  k  aiili.-.l  .  i« -t  ta.iii.  i 
am  I  !i  \  I'.'trMMi'n  il  aiMi  i!  I'U'  ra[)i(l'\  -  a  m  -^hm!  .  .  i;..  i  atiatnm  lli  a  -'’i:  i!  ita 

Ntiu-,  ll.  it  iNntiiiram  tit. I  lial«'t]ianr  iiia\  l>t  rim  in  tin  s.-  ^  in  '.jnstaiK  <  '  unt  :■ 

V  .  mi  pal  111  \Mt!i  iiiliiiiain-  ‘  ‘  1  !a‘  aiifstli*  Msl  mll^t  pav  »  \tn-tin  U  i  losr  altmtioii  t-i 
til*  \  at  i.il  'll  i  !  iiin  al  sit  Main  Ml  and  lu'  pn  pan  d  tiMi  as*  administ  i  ali«  m  nl  ^ill  iiili  ilali  mi 
lit-'  'lifiil  I  }t\ p< 'Irnslnli  flisuc. 

\  it  I .  i '  ,ul  I  I '  it  i . "  i  s  ( '  \  idi  is  a  si  ipi  iiMi  ai:.t!il‘‘su  -  it  |s  Ina  psi  iillv  di  pn  -ss.!!!!  Ill  tlm 

i  ,  \  ■  if.  a  ^  IN '  I  n  pi  I'k  ( ilfi  1 1  u  j  Kit  III  it  Si  1 M  (•  if  ui  'ist  I  *»•  mid  iti  lal.itiv  ni  v  liii'*  iKrii- 
t  ■  i!  i,  .1,^  I  i  I  is  adds  til  till'  pi  ill  iitial  1'  M  li\  puM.i  Im-i  ans<  nt  ilrcn ‘aM'd  iiispin  . .  uw  imt 
,  . ,  u  1  1 1  M  I  tia  r  nmn  .  lilt  mils  1  '\idc  u  ill  iiicrrasr  tin  miIiiiih-  nl  aii\  pn  \  i'  Misi\ 
I,  in  !i  .'d  pi  i<  '  iiM« ‘t  Ii' M  a\  .ind  will  iiuiav'.n  l>nwt!  disIciitioM  Xlthoit^li  iianiiths 
li  .  V .  *1,  I  II  iiN,  d  in  Nii'di  I  in  imistani.  I  S  two  nliit-i  tions  ina\  In-  laisrd  ( )iicr  Ui\ «  ii 
til.  \  ,  la'.  't  1m-  n  ni'At  d  a>  i  <tii  tin  nili.tlatiiMi  autaits  Si  i-inid  tin-  iist  o!  nalnMMn 
t.  iian'itK  aitinninaN  In  iiiil'  p.utiall'  m  u  »  i-ssfitM  Maaiisr  oMi\ p«  *pi  i  Imi*  m 

at  li I*  Mti  N.  1  -)  ai  1 1' "I  and  1  M'l  aisi  i li  sin m  lr r  di.i .ili-*n  nl  ai  tnui  nl  tin-  aiif  ‘nnl  tliaii 
I  111  i,»  I’.nl  l\i  I  ■  lit  i  V  nil  111  1  that  ad  in  mist  I  a(  inn  nl  nal-  *\«mm  is  i  .1  I  mi  n  ill  in  m  *'1 

aai  I :  a  d  s!  •  -  ki  d  aninial'  'KiiUi-st s  Mi.it  i  ndni  plnuN  ind  ’ii  is  pi  i  liaps  nan  « *1  n  •« 

it  I  .  K  I  M-iii  M ;  1 1  in  Mull  (  in  UHi-'f  am  IS  \\  r  lia\ «  m  »t  ■  »1*  -  m  '  t-il  avs  in  m-s  .  .  il  p  nn 
in  i,\  pitiial  I  j' a  -.tinm  1  pnvp  .j »«  i  al  i\ •  1\  Inllnw  m-J,  llin  i-maj’  ih\«  ippmaili  !•> 
fl,-  ','1  .'t  II  ntial  n.'fvnm  \\st<a'i  d<  (  n-ssanl> 

Pi  s.  li  «  i  in  ;  a  innsclr  n  l.nanl  ("i  <  >  ml  inm  d  m<  dm  in  ;  I  la  pn  m  t-dnn  d  I  nt"  i 
,  I ,  t  '  I  r  !•  I '  a'.  I  id*  d  1  11  a  at  isr  I  il  p  ^  pi ;  ipi  iisil  \  li »  n  1«  asi  linlanntu  n-si ill m-.;  n i  Im  I  lim 

in  p  ■! '  ii'.i  ‘‘I  1'  ii  M  1 1  n  minm  n  pi  <  li  i  n-d  In  -.^allannm-  laa  ami  i  M  it .  ai  i-a(.-i  \  a-..'j  *i\  1 1' 

p:  ipiitli  N  ind  it'  Il  ssci  .ddli:.it«M\  liiprndinm-  ‘li  I'  nal  i-\mntinii 
Slit.nmiii-  i*  d  \t  I”)  not  \(t  iliniralU  availald*  lia\i-  tlm  liasl  raidin' .isi  idat 
u  tinns  nl  nmi  di  pnlan/inL:  n.ijsrlr  n  lax.ints 

IU'iimhI'  nainic  Manauonu'iit 

\tt(  !  sri  niinu  tlif  ■III"  I'  and  rstalilislmi^.  \ «  lit  il.it  mn  l«-nindv  iiaiiiu's  n'lnaiiis 
♦111-  p;in,,ii\  issin  llii.imr  nl  tiir  lapidit'  ami  ni(rmil\  nl  plivsinliniu  n'spnmi-  tn 
'  iiiini  I  liaCi-  im  n-.isrd  lupal  lirt  ii  s'strin  arfnifx,  im  n  .isrd  i  ('iiin-aiiUiiitiMisinn 
v\s!i  !ii  i<’i\!t\  im  I'casi'd  \aMipn-ssin,  prriplu  tal  i  in  nlalnr\  rl)«  i  Is  ai  idu-  im  lalt- 
'  dm  <  (  lispnxir  rficifs.  ami  flnid  slnll'  and  tlir  iindliplu  pv  n<  fliii.iprntu- 
,a  )■  M  '  •  t '  in  I'll  ai  '  it  •  -  •  it  na  I  mn.  t  lie  liriiiniU  iianm  st.it 'n  n|  1 1  a  -  p.ti  irnt  w  ili  4  liatiUi' 
:  .ipit  IK 

\i  V  .iiii^K  .11  I  11  rail-  iMat-(n-l)i  at  Mnnil  pn  ssnrr  iiinnpniiii-^  iv  an  impnilani 
i^p. '  t  '  t  till  II  nil  iminaunm  lit  l-ni  tim  irastm  .iiid  in  a!l<'w  ii-pi  atril.  iaj)id  sani 
pin.’,  ni  ti  t-  !  lai  1  'I'lnd  Ini  n  uasn  n  im  mt  nl  I’m..  |’»  m  and  pi  I  an  indw  rllinu  ai  li  ii.il 

tamm’  i  -Knnld  !)c  p!ai »  d  as  i  arK  jn  flic  opmaf):n'  n»nin  si  ipn  ni  i-  as  li  asiMi-  il 

M  1  ".ii\  K\  s  11  .in  .il  rnt-d''WM  and  (ininnrtfd  In  i  pn-ssnn-  liansdmi  1  fni  rnntin- 

’ ,  Pi iiii  an  It ,  I  f  1'  ;  it  nl  1  ilnnd  pi  I’ss'ii  i  ■  1  In  ai  lii  iai  I  im '  s)  ml  i  !d  I  m  •  p|,u  » a  1  m  tin  -  njipri 

1  \t  1  <  1 1 1  if .  1 M  (  ,in  SI  ■  1 1  nia\  I  m  -  t|ri  r  ssai  v  tn  i  1  nss  i  l.jnip  t  in  t  Imi  ,u  k  .mi  t,i  \  4 «  nl  1  ,il 

•  1 1  '  I  M .  pi  1 1.  M  V  <  nil  a  \  a  nr  I  i^lit  at  M.il  t  .iiinnla  simnid  I  ••  plat  <  d  ■  iim  {  <1  nut  t  mu. 

!  1 1 K  "  p.il  n  1 '  t  I  •  1 11  till  mm  rUi  m  \  1  nni  n  nj  si>nn  .dim  nt  n  .il  in  t  lii  -  np«  aat  inu 

I  'Ill  hi  fill  1 .1  I  I  ah :  1'^  I  111  i:n  ml  1  nviui  t  inii  (In  "iiili  .in  mfi  11  la:  jnunl.ii  '  i  in  n  l.r.  nnd 


,  '  ■  1.  '  M  ’  I '  ii  I  iiiu  I  ’  M  t  .1 ;  -I  M  i.n  i.i’i  '  I  -  I  ii  r  "  lUi  I M  •  j  -  ■  -  .  n .  »  .:  < 

’  ■  ■  ,  'I  t  1 ' .  '  '  ■  i  1 1 , 1 1  ii  I L.  1 1  i !  I-  !.  >:  !  1  .■  I  n  ii  1  1 1  ir  K  1 1  il  'iliJ  1 1|  lliis  t  M '  I  <  w  I  lilt 

;  M  '  i  ■  ;h  i  I .  ■  If  <  ' :  ] !  I  •  1 '  ^  .u  i  I  .lU-  .1  ■.-<  >  >t'.  ii  -  itf  I  1  «  t  :  it  t  .ll  V  I  lu  r  [»u  -' 

'  1  1  i'  M  ;  '  mI1(  tf  ’.I  >:  1  « 'I  ;  V  I  flu  I  !!IM'  i!.:  i  »'  i  [t  |  }  u  •  \  i  i|  I : U  (  f  i  'V !  ti  i  .1 

'  .  1 '  '  ’  I  ‘  V.  i  ..  ■  :  111'  pit  :  It !'  'I  f i-  -I  \  t.  I  in.--  til  ina!*  -  i  •  i  .tnni.i  .ir»-  •  ••iiii:  .iin  1 

'  ■  '  <  .1’  J  . !  I  I  -  r  ■  Mu  1  ^  t  .  '1  r  ?  ,1  •  i.  iM'  p!  •  ••  nmi  t  '  li  >iM .  ilM  1 1«  •  .iM  .1 .1 1 ‘i  jii  i(i 

'  I  '  I  '  ;<  !■  1  f  i ,  1 1  •  I  ^  p'  •  ^  ■  1 ,  •  I  )  '  M  «  I  •  I  if  I  >1  .1  pi .!  i  ii'  :  .1 J '  .11  It  -  I  I  •'  li.  II  ■  :  I 

•  I  :  I  '  1*  t  '  '  Sl  \  •  1  .  I  I  I  ,  i  !  IJ*  1/1  I  1  p.lf  n  it  l'.  til  it  ll>  I  I  I  -  ••  I  ''.II  \  iltil  .1‘  i  \  l  '.ll  lit  . 

:  'N  ’  '!'•  !lt  t'  t'  '  |ilj,!l’  :  pM  -:lf\  ISM  I-N 

1  ■  Ml'  ;  -  1  I  'll  -  1  '  ii  i''  ■  'v  -  I  I  t  1 1  f  It  1  !  1 1  -  f:  ipi  I  .i;  i  \  <•  Ii  tt  ^;^l•  « i  liilm-4  |  m  i  >"11  j  t  •  <. 

‘  I  '  iM  M  '  ■  1  I  l\  1  'f  11  I  M  I  I  I  I  '  !  It  t  -  I  1  V  1 1  t  1  !•  'I  U  1  itl  >1  I  l\  lit'  i  li  t  ■!  I  I  It  •?  |(  -I  litt  '•  I 

■  ‘1  •  !  I li'  Ml  _;t ■  I  I il  ill li’iu  1  1  1 1 it  !n  ti t  i'.  lUi t  ir  I  !'il  i!i  till-  i-\ .ilu.it inii 

'  i  I'l  I*  '  'I  it  It  "tafii'  lli<  I  t:l\  st.tL:*  N  1)1  ;  t‘M  INI  il.tl  |.  Ill  i)f  flu-  iit.iSMM'K 

'  '  i '  J,  ;  ll  I'  if  '  '  [  ;  1 1  ' '  t  •  1 1  I'  1 1  V  '  I  :i  in' ! !  It'  l!  It  m  '  m  '  t  \V  t  t  !  i  ( 1  |t  •  si ;  i  ;i  1  s  .11  n  I  ()  K  • 

'M  ti-  'in  .  it'  M  .(111  1  \lt  lit  .)  In  hiniMf''  l!l<l  (lit  1  n  1 1 1.  H  1\  J  Mf  n  X  '.inllff. 

i '  '  '  "  .  ■  !  '  ; « l.i'iip  1 '  1.  II  'I  *.i  f .  pi .  i.li  •  .itlfuii.tlt  •  liliHiil  lliiw  (u  t’.f  i>i  .till 

'  ‘  'I  In  :  '  lu  t  t  III  lANiv  <  I  i  \  pi  n  I  iKl.t  miKmijim '111  1 1  iHo\  .ll  >  )1  (In  -  t.  Limp 

■  -!  '<  1  V  p.  It  M 'll  I!  I  liMiii  I  !'■  \.«Im  ,i  (illiirj  i  pi  t -v  |.  n  i' |\  <  jn(i(\  .uuiotU' 

'  ■  (  ''II'I  jm  mi'  !.  ill  vf..  ,  ',|n;  l|,|  I  |«  ;  t.ll  ll|s|l«  tl  .It  .n  III. ill'.  .1"  li»  - 

t  1  '  >•  ; )«  1  '  I \s  iM  I  n  ii  1  ’  1  ’  \ .  i|.;iiif  '  >1  K.isf  i »!  I  m  ,(||.  .i>  | prii  ,-(1 

Int  I  M/'f  •  t  /  lit  id  /{♦'  f/  vt  i/(tf  ion .  1  Ilf  iiin  *ini(  •  lluid  v  i  i|i  iinc  lo  at.  I  I1ljui^tf  i 

'  '  fn  '\l'’  ii  1  I '  pi  I  .sr  I .  mill  (In  i.iidi.u  iiliiti'j.  pn-sstii  r  l-luuls.iH‘ 

'  '  ’  :  I  I '  1  'I'll'.!  I  '.Mt  il  tin  t  {  iiti  ,il  \  t  no'is  pi  c-sMin  is  III  tlu'  ’lorm.il 

1  '  'ill!  p.i' n  I  ^  I  >  I'l  full  111  lln  N\slfliiu  1'IoimI  j»|i  S'tiif  m 

''1  '  ■  n  ‘  ;!nl  li'<  'I  I'l  ;  rt  '•liU  innult  tl  (||f  issin*  i»|  vvliuli  llnitl  lo 

'  i  '  '  M  1  III  in.i'v  '  mil  III  V  ■  I..  .tv'  froiii  wliolt-  liloml  p.u  kcd  t.t  l-s.  s.ih 
'  ’  -  i  I  f  p  f '  1 1 1  '  ' ''  I  f  I II 1 1 ' . M  ■  i  i  ! '  t  .  >ll(>nl '  oi  -  il  lit  I  osiiiopi  ;ll\  .It  ( i  \  (- 

'  '  I  1 '  ' I  ’  r  ,iM  \\  1 1‘  •! '  t  '!•  *1 »  i  I '  '  1  It  tloit  I  it  ( lioH  t •  ilrspilt ■  Miiiu' t It  Ik  i,  in  n  s 

*  '  i  (1  I'jli  /V  ,ii,  .11 1\  lilt .n^i  v  ti|  llir  -iImIiIv  to  (i.iiispinl  as 

I'll  oil  ]'  H !  I  V  \  ni  1 1  1  1  1  I  o  I  •  I  lilt  i\ nit-  I  oiil.iiiis  :  1  It  1st  <  lot  t  H|f  t.n  loi  s 

i!iil  is  a  '.p '■  1.1  Imflt  !  i!  plosn'lonn  j>ll  iln-  til's. n!\ an*. I'Pfs  t)| 

'ill  I'l'  I'la  'sfo'  I-'.'  It  titpi  ;.i!  lit  J  (  'Ai'li  lir.Ji  tin  iiii.i*  t.ip.nilv. 

'  1-  .  t  li.  I  ns  \  \  HI  iml  p. .  -ihK  \|  1  It  Is  ■  i|  !ii:it  lion.il  plalclrls  attf) 

*  '  ’  m*  Ions  pM  Imnli  p..|  issr.pi  i  *!n  t  iilmlio’i  .It  t  i<  ast  il  i,  il  n-H  mu 
I  ■(  Oil  'til  II  n  I  III  M  .1’  n  •  at  if  I'Pi  Ms  w  Kn  li  1 1  i  p  i  ii  f  s  t  \  J  ai  nl  i  i  o  -  s 
'.  ■'  Mn  p.itn  Ml  s  !  lit  1.1(1  M  till  tin  I  til. III!  to  In  l.aM'sliis.  d  .iltlniM'pli  tin-  I  S 

'  '  i  iip'ils  I  f.  O'  .il  (1.  •  rspi  I  It  :n  r  m  \  n  t  Nani  ii  on.;  mmiu.Ui  In-d  loss  iMti  \ 

'  i  "  p  (>•  Old  (In  :m  t  t!  tin  iio'.  mi, .til,  Inis  1  t-i  i.  ipiostiotitd 

I  •  I'  '  'I  '  I'l  n('  r  f  -  k  ■  'I  f  f  -  iMsniM  M-  in  ti|  In-p  if  i!  r.  n  < !  ( l<  <  i  «  .,•.(  <1  rml 

'  '' '  pin  '  -  '  .  1  ,!f  t  I  >1 .  i .  'In  t  hf  i  atioM  I '  ‘•f.ltiii  p  III  lii'M  In-iiio'  ,1-  -Inn  .11 

1'  '  i  t  -  f  |^  .  i:  t  I’n  f  (  .1  n'ml'  i i  n  '  it  ci  if  n i  j  u  li. .It Mooil  itpo  ii s  i-onipi  n*  lit  p.o  f  s 

'  p  '  M  M  i  'Ml  *  t  1 1  .  t  lls  (  oir.ft  jin  nil .  •  . ;  1 1 1 1  s f  K  . n ,  p.n  J. | 

'  '  1  ‘  li  '  ;  "  M  (o  1''  '  l-l'i  '  ■  it  ')!  .;{ipi  o\IMM(t  Is  7l  f  j  f  I  I  I  Ml  I  "  .  Ii  t  |  .  i'..  \  | 

t'  '  ■  I  d'  I-  .  II  .i.lmniistt  tfioM  p.n  k.  d  ic'l-.  -di-'  lil  Im  u-i  t  niNt  it  -  it.  tl  (.■  .m  ip- 

'  '  i’  1’  ni  il  In  niafot  Mt  pM'  *1  'o  t :  .HI  y(i  ,si.  M  SodiniM  oldoi  it|i  «  |'t  i  i  ■  lit 

'  '  '■  id  -  .1  MiMimiidi  d  Ms  dll  \nn  It.  .Ml  \'s  m  i.iti-.-i  o|  Id...  id  ll.nik's  l-.i  iis, 

p  '  '  h«M  ii  I  ’ .  •  i  It  h '  '  1  I  « •'  s  ■  '  ".t  '  I|t :  M  •  pI.i'.Mi.i  soi  i  n  .  •(  1 1  n  •  n ;  \  o jf.r  •.  « 


•  m**  fc  ''  »  *’•  k*“  W  '•  »**  .*• 


>  r>ii  IXiU'li  \M>11  hxli.lj  j  Ml  I  r» 

r.  1 ,  '  -  ’i ..  .  i  ,.t .  •  (.innmi'li'  '  1  ( >v  \  h  1 1  .ujnimji  I  iitit  ali«  ^  h  tl.  !i.»\\ «  a  .  i  .itnl  llu* 

()  !)  'I  {  ^  voin.w  lut  ilii  ummmI  is  I'l.llfi  nr/,  I  .«i'.KiU  iii<i.  ol 

.sii  v  li  ttiiri  l.ti  t(*!  s 

t  '  pit  I  I  ,  '  is;  1,  ,  l.ilui!  .it'  II  \  .»ik1  rli’iK  al  in\  fs(  iii.it  h)n.  lli<-n*  is  nu  in  in  ia  i- 

ffiit  till-  i;sf  of  mil  n'iiltcr-'  lot  Itl.Hxl  adminisfiatimi  !>  lirnrlji  lai  "  lln-nsis- 
t  ,1  ‘In  '!  '/M  atU  niip'  lies  r.ipnl  Mo*k1  .uliiuuistiatinn.  .ml  ur  thru  torr  ilo  not 
.  .'ill,.*  :ui  lilt  ir  use  in  tins  si  ttiii/ 

\  't'  tli.'l  uln  ii  f  vti-'!  m  K  mpnl  luinsion  ui  visions  ilnuls  is  n  t|uin-(l  tin  rr  ls 
V  ,  I  i; !.  ;  .iA;«  ihjlc! '  lu  r  in  !  i  s|st.nu  .  t'  >  ilnu  In  t\v  im  n  \  anons  (\  jn-s  of  intuM-  >n 

I  :it  r  t  !  i*l  >0(1  \v  n  na  :  s  Sn  tpi  .  n  ks  « jliri  in/ll  irsist  ann  •  a»|i  1  tin  U  I.  m  «*  sll*  »n  Id 

['<  d 

hi,  n  i  K  nn;i!  tfu  (i.nina  vi'tnns  hlood  »s  t\pril  llnids  i»||ici  lliaii  l>|ood 
,  ,•  i  idiii  n  1 1 't  ■  1 1  il  t  i:  1 1 1  ’  i!  '  \  idi  lu  i  mdu  .itrs  tliai  in  tins  rcraul  <  t’lloul  is  oi  no 

a\»i  iiAstallnid  and  in  lart.  ina\  1m-  iK-f ;  inn  ntal  '  ‘ 

o,  j,  t),,.  ,  xp,  rl^•  lit  till-  I  'inu  i  and  tin*  a\  tikilnlitv  and  i-asr  of  adinnnsfialion  o| 

t  if  n  .  (in  [ ,  St  fills  t  a  1  'I  hi  t  K  .  i|  .u  r  .  1 1  as<  >n  to  ad  m  mist  (  r  i-«  >l!oid  ni  t  lie  at  ntc 

p«  11'h!  la-sti"  it.itivi  Hinds  un<lt  monm  nsrauli  and  dc\  rl. -pi'ant  ni- 
,).!•  li' ;i '  c 't  .1!  :  M  Ills  and  sti ' 'nial-ti'  i  1  ir  nio’/li  >1  »in.  ritlin  in  sojnlion  oi  rina'-ii!  ni 
.<(s  }  dpiil  Dir  '“W  /i  n  .'intrnt  at  llnotoi  ai  1>  nis  is  piopoiiional  to  thr  partial 
:  11*  'I  "S'  /,rii  in  til''  llnid  and  oailu  s  an  atirplal'li  l.Arl  miK  at  mts  liiuh 

« '  |- 1  n  d  III  I  ii"i '  ■  ll'  nn  ot  ai  i  >'  'll  >  ai  t  <  st  i  innK  tsp'nisis «  ,  w  itli  «  straoi  din.inK  lo'i^ 

i;,  .tnlls  it  lias  I'l  rii  passihk-  la  pii-paii'  !i<*nio-/Ii»lMii  \Mtli  sciA  liltif.  il  an\ 
p  ••  il  ,  iMcnt'  thus  (  liini.-.ati-i'j,  i<  ti.il  tosii  its  and  otlfiinc  tin*  adsanl.iuo  '»i  liiuh 
V \  .  ,  I  I  *•  ; 1 1  it  ii"!  M m!  I  I  *  I  ' ti  dr  I  mi'll  ,  In  til- *illoi nn  s.i  pi (  p.nrd  i  an  lu'  stoi rd 

I  -(•  t  r  ,  j  dlim  leM'i  at  .'onm  frm[n  i.i’nic  l"i  jiioloneri!  p«  nods  of  linit'  and  siiur 

I ,  p  d  ' I  n  ’  Ill !  n  am  s  and  an! r/'  iis  at<'  pu  sriil  stan  I  n d  Mood  t\  pine  is  niini't  - 
sv  n  .  t  ii'f'it  irsc.nili  is  toriiM  d  "ii  s.Kni-e  tin'  j>i"i*!r!'is  sln-rt  iiitr.isasi  idai 
i.f  Ilk  >  !  ■  lo  i'  Ituiii  s  as  a  n  salt  ot  I'l  nal  i  si  l«  ticn  and  i-ks  1  ^  appio\niiatrK 
f  .  f  M  p,  s  »i.i  t  iMii  ,  t  in  in  i/l'd  '•”*  nionuni  I  s  \i  a  *-i  I  in  ii  .s  st  i  nn:  if-fi  iii-nio- 
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i  ii,i\  pii. I  i  (  l""d  pit-snin  -  ill  n  fla-  iiml*  d.a!  hi'  •,  ,  l./fd  ioi  thr 
[  D  I  n'  pi  I  •  s  1 ' '  till  h  I  i'isioii  pi  {  ssfp  .  an  f  In  n  !  M  a  d  ,  m  i  i  In  >  k  I'.issill.- 
il  a  .  it  d,  I :  inn  1  ne  hs  I  "t I  •  isi  ni  mnst  tin  n  hr  H  \  n  \M  d  1  In  i  n  n  lmi«  nnd'-- 
.  '  ;  h'  ; , ,  'I  I  h  ie«  In  1  not  11"  I  I  p  -  n  mi ;  nln  a  as  "I  pr  i  n  n  dl  li  :  m  -  p"f  ladr  a>  hIomn 
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1 .  '  pH  -<  . !  '  •  I  I  s  1 1  (  nil  (  is<  •  '  t  1  is  I  "pt  JI'  onm  1 1  •.  p"f  In  i  m  i  .  and  ni  .  -  sis »  i  p.tis 

ft  rr  <  fi  D  ol  .ii  id'»s|s  is  in<  <}fi  ti\i  in  irstoime  sss'i amt  pn  -siiir.  sst  «  mpn 

il'i'  ad't  i-'lia  I  a!(  mm  i  lilornli  1  em  mfi.isrnoi;st\  «an,  ,  ioni/«  d  «  .i!t  mm  nn  a- 
I  M'  lit'  n-  'lo:  I'M'lils  tsailal'ii  t  iKmm  ami  "dni  pnssois  liaSr  dimmislnd 
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tailiirr  in  a  pit  mmidi^  tianiiia  is  not  rniniwoii 

tliuat  ni\ luarJia!  iii!uj\  i»r  pii}l<Mii;r{l  titUKaidtal  li\jn)\ia  Howfsrr.  ii  all 
i-thri  pn‘Nii)li‘  (  aiisr>  have  1m cn  i‘\i  linU'd  or  tu  atid.  adilitional  lliiids  may  lu*  atl- 
! rcl  unt!)  the  t.'«‘ntial  mmious  prossnia*  is  20  !<»  torr  II  artnia!  prrssuu' 
'Iocs  Ini  H  sp  *ik1.  picsstn  agents  >di>p.iMniic  t)r  dolxitamini'.  i  In  12  per  kii  pci 
laiiKo  iT!!t  as  cimmisK  mi ti. ills  iiuis  lie  ihtusc'l  Am  tiniisiial  <  ausc  ot  iiiviuMidi.il  tail' 
UM  idlowma  p'  lloralim^  clicst  mimu  s  is  coronarv  air  embolism.''*  \%lucb  mav  be 
diaum^sed  bs  din  et  nlisiT\  atioM  ol  di(‘  c'oronaiA  arU'i  u's.  rb<‘  ipicslioii  ol  the  exist- 
eiH*  ol  ,1  msotaidial  depri-ssaot  lat  tor  m  slun  k  is  eoiilioseisi.il  '*  *  In  ad¬ 
dition  f  o  liem  'll  lia^t  .  metabolic  tU  idosis  and  li  \  pt>tbcrmia  are  tbc  two  most  common 

stao'idns  ai:.:r.!S  at  mu  fai  tors  in  the  iiiassisels  bieedinu  (taiimati/cd  p.iticnt 

Acid-Base  Balance 

I'oor  tissue  pertnsion  rcsnils  m  ac<  nmnlatioii  t)t  lactit  .icid  lu-cansc  ol  dccrc.isc<) 
as  .iilabihls  ot  o\\  Ucn  .it  llu'  end  ot  the  t  lei  iron  transport  chain  ami  dci  reased  li<*patit 
-ipt  »ke  <it  l.u  t.ite  durmu  st  seie  rediK'tions  ot  bcpatii  blooil  How  or  dinim'  seserc 
iisp.ivi.i  It  Is  not  (  ImiealK  lonvcnicnt  to  measure  lailic  aciil.  However,  its  ap- 
|>earanee  m  tiu'  blooil  ssill  result  in  a  m  arls  stou  biometi  le  im  iiMse  in  base  ilidk  it 
bis*  vb  lit  it  ma\  III  lapidls  eomputed  troni  measin  eiiients  ol  aiterial 
I  '  ‘‘  md  pll.  \rtiiial  IiIoikI  u.ises  and  pH  should  bi*  iiitMsiiied  as  soon  .is 

p  's  -ibit  ll,e  ju  nnars  treatment  ol  ai  idosis  si  i-onilais  to  bs  pos olinnia  is  obsiousK 

s  i  line  n  plai  ement  11  snlnme  is  n'stored  and  peiiusion  pii-ssnri*  is  s.itislaetors . 

tin  aeidosls  will  be  v.'Oi  laateil  .is  the  lisi  r  tiikes  np  hietati*  .md  the  tissues  cease 
la'  t.ifi  piodm  tion  'I'lius.  tre.itmeut  ot  aeidosis  per  se  ssill  not  l>e  reijuired.  Hosvesei . 
n  hs  po|t  ns  ion  per  sists.  this  ni.is  he  pai  ti.ills  due  to  a<idosis,  Idealls .  the  mamiitmle 
ol  (Ills  ai  idoMs  should  be  me.isuied  II  dal.i  .lie  not  Set  .isailable.  it  is  s.ife  to  atl- 
iniin 't'  r  N al  i(  ( )  as  a  tbei .ipeiit u  test  It  is  imiisu.il  to  obsers e  i  him  .ills  important 
'  u  d ii  »s  as<  ulai'  elhi  ls  ol  niet.ibolu  ai  idosis  ;it  base  ilelii  its  less  (b.m  10  inhai  )Ser 
Iiti  t .  md  m  llu.  settiiiU  ai  idosis  ol  (onMilerabls  uieatei  m.iunitude  is  eominon. 
Ufmle  (.ods  base  'defii  it  is  usnalls  e.ili  tilated  horn  (he  tormul.i  O.A  base  esi-ess  dU'. 
n'laj  per  lit'  t  ■  bods  sseiulit  in  ku  lliiis.  200  or  more  mlvj  ot  mas  be 

M  'jiiiK  1  Smee  (he  iMiduisasi  ul.ir  st.itus  is  usnalls  nnst.ible  when  administnilioii  of 
\.d  I (  t  b  t''  iiidu  ated.  .i  ealeii kited  dosi-  will  not  (>ros ide  esaet  i*oi reetion  liepi-ated 
ei.uu.ition  IS  nei  essars  Ibisi-d  on  ici  ent  esidi'iiee  th.it.  osi  r  a  sside  tempeiatiiie 
lanue  S(  rtebrate  plasma  pll  is  i  loseis  related  to  the  |)ll  oi  sviiter  .md  the  ioni/ation 
"t  inn'la/oIe.‘  l’(  o  and  jd  i  should  be  nie.isured  at  >7  ('  and  not  <'orreeled  to  the 
path  :it  s  lempeiatiiie  In  ans  eseiil,  oser  the  eitmeal  ranU<‘.  I'ompnt.itioii  o|  hase 
(  S'  ess  is  \  (  t  \  111  .11  Is  mdepeiuk  n(  ol  lempei  afnre. 

1(  IS  nnt  I  leal  whi'tlier  iiie.isnied  I'u  should  be  eoneeted  to  the  patient  s  lem- 
per.euie  III  lejioited  .it  b  (  llosM'Sei,  temperafuii*  eoneetioii  is  mai-ssars  Im 
I  Oi  I  ipe  (,ii  u  m  ot  als  eoku'-artei  i.il  dillerema’  in  oxsueu  tension  iAal)(>,’-  !•  urtliermore. 
m  tilt-  hspofhermie  [i.itient,  it  teiM]:i'i ature  eorreetiim  results  in  error  it  is  on  the 
side  ol  p.ilielit  salets  . 

I  Is  potbenina 

O'l'M  (Oeffiisftin.  0[><-mrii’  ol  major  btxis  easjtjes.  and  administr.ilion  of  llnuls  ol 
tempemiuie  less  th.m  Imib  tempi  i ati ; re  meMt.i!>lv  result  m  Iis potiu  i mi.i.  Ilsjio- 
fh'-nni a  presents  nmltiple  danu<’rs  Msm  ardi.il  hmetion  ih  ereases  ss’itli  tempi’iature. 
b*  •!''  ‘  't'oi  a!  si  tlmu  ol  decreased  msoeardial  [)reioad  and  pioionUed  poor  msoeai- 
tiial  peiiiisiiin  nceeardial  1 1\ pi  id  u  a  1 1 1  la  is  pootls  tnleialed.  \\  iiivoeai  ib.il  temjiei- 


ft 
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»0 

i(.  ,  !  ili>  {,  K  an  }i\  l»rrt>nu'  uitli  r<li.trtnr\ 

■  .itni  t!a:  td  'I  ;ilaluin  tua  i  iiiiZ  VMtliin  .t  (url  luT  (1»  i  hmm*  nl  1  lij  3  c  i-nliur.iilr  <1<  - 
jif,  V  !  1  \  >t  In  1  mia  adds  to  tin'  i  oa.iid.itlon  di-l<‘tts  In  raiiMii'^  s<'i|ii(‘s(r,itioii  o| 
pl.,‘!  ',  fs  '  i'l.n  uliriioiU'  iKMi  fs  r<‘v<  f  .ddr  witli  rruaiiiiMiU  \ildilinii.il  proldrius  ol 
1, . -m'Ih  a  iii.i  iiu’ialf  alti'iatioii  ni  diu'j.  .Ktimi  atnl  )»aM  liU'  and  loiilti'si' mi  ol  vaUi 

pn  l .1  ‘  I'  'M  ‘4  I  'll  •  '  1  ■;  iv  pll.  .liul  <u  id  1 1  isr  (Lit a 

1 1  i:  ipi  i  at '  :i  ■  sliniild  I  '«•  iiK  .iMin  d  «  out  inin'U'  K  a  tli'-i  niist'M  Ml  lli<  ni*o<-o«;  j'l, 
plivivl  aj  tin  I  sojih.i'sliis,  lint  (n'lniid  tin  la  art  oi  In  iisr  of  flu-  (luM  iiiistor  or  a 
dii  1  iia'dil  it m  iMdinonarx  ai  tfi  \  i  a!  In  lot  .  li  oiu‘  Iia^  In’oii  Misrrlrd  I  lirsn  sit  os  an 
I  p;,  a  \'i  \\  111  (  a*iso  liioiid  .iiid  iiOiKaidi.il  lompi  ratuio  aro  <ii  priiiio  ooiiooni.  and  .is 

1  !‘l  'ltd  iiul  iiiMHaidial  t<ni]nratni  .•  c  {laiiLit  tiinpiT.itun  w  ill  oli.mni*  ninvo  sl<n\|\  at 

'  >1  !ii-:  si‘i  N  siK  !i  as  tin'  I  Ol  t lull 

1  1  l}i<  ut  isMM  U  I'loodinc  ‘lamiiati/od  pifioal  it  n  possililo  t«i  (irovoiil  scm  to 
tnp'id  •■n  li  i  ildiooul,  it  n  unt  pnssihlo  to  maintain  uoniiotlu'nnto  cuiulititMis.  Ml 
I’l!  I  anii<  ;  V  jin  ids  si  |.  mid  in  s'  ii  iin  (1  diinn.’,  adnimisliat  ion  ( .onnnon'i.  illv  as  ulal.lo 
d  ■  V 1  t  '  V  a'  1  -  Tioi  ti  \  ol\  SN  ai  ni  1  >!ood  w  Inlo  pi  odnoinu  tiiininial  i  osisiam  o.  tin  is  a!  loss 
I  1..:  t  I,  I'l  A  i.itos  ''  ■  A  pl'ioo,  ;i-iM  roMiioitod  waninn;;  lilanki  '  slunild  alssass 

1m  ill  p'.K  1  I  tin  np.oi  at  mu  tal  do  1  li<  •  dos  lor  si  ion  Id  In*  sot  .mil  su  il<|n*d  oii  at  U)  ( . 
i!  f'fvf  MMfa  I  m}  i  jMtif  Ml  '  Iik<  1'  'j  insporl  to  tin*  opoiaiinu  nn-m.  sin<  o  tin  s'-  di  \  ki*s 

'  ijMO'  1*1  ’•  ^')  iiiiiiiilos  to  i*  aoli  opi  r.itinn  toinju  iatmo.  I  lioso  1>I  ink<*ls.  allhonuli 

ii  !,  U'  .‘t  \  s>  tlian  optimal  \alno  Inaaiiso  ol  ()ooi  ;n-iiplioial  liionlation  dminu 
t  —  .  i  i  \  pi  '  *  a  ir  la  \(.  ooi  dmuK  luat<  d  mspinil  limn  id  its  mas  In*  i»l  \  alno  m 

p* ,  \  1  •;  it  ur:  ' '  M'  a  !v  li\  j  I.  ‘  !,*  n;  la.  siin  *  mails  .ill  fin-  i  iulif  .itrial  on/ put  u  ill  In*  <  s- 

I  P^  ■  ■  a  .  I  f  lilt  1  o.  Ol  to  tin  iMspii-rd  In  al  III  tho  pniiinniaiA  <*iu  illation  II  tin*  ioto 

U'  i  '  1 1  f a' i  s\  a:  m  i  i  \  st aMt nd  s'dii t nm  sinnild  l»r  pi. n  <*d  in  tin  <  host  oi 

, .  •  I  I  '  I  I  \  I  f  1  <  ■  s 

(  oauid.itioi) 

\  i  !m  iriu  di.;tlios|s  tollossinsi  n'.issisc  hlood  loss  .md  ropl.u-i’incnt  is  in>(  im- 
l  I  .  ' :  1 1  •  a  I  I  .a I  SOS  aro  It -sions  ol  liaiiki  d  hlood,  lis  potin  i  im.t  < oiisnmpt  nm  i  oaunk'- 

'  pi‘li\  iM'l  pl.itolt  t  dwtiinc  tion  (  oaunlalion  lai  tois  \'.  \lll,  and  t>osMhls  \J  liaso 

i  .iU<  halldis'.  s  ol  a]>pi  avmi alols  tnu  ssoi  K  I* t M't mi.iloK  .  onis  (o  )(l  poi  oont  ol 
::':iii  ills  ptfsoul  (jiamtitios  ol  tin  sf  |  u  tors  .iro  nonssiis  lor  smun.d  lioinost.isis 
!  '.till'  .i.iMM'  tho  lisor  S'. in  lapidls  prodnoo  larui  'in.intitios  of  laolor  \  111  oiuc 
«  n .  !  ;  un m  has  } m -i  n  rostorod,  '  I’l.iti  lot  I ‘ motion  is  si  m  i i-Is  imp.nii'd  w  itliiii  mmnti  s 
'  -!  .1'  lauo  at  It  ssiili  siinisal  Imntt  d  (•»  li-ss  than  Ia  Imms  '  Mans  haMul  hanks 

I  : I  ih'  so  id.tti  It  S  ti om  hlood  attri  its  i  o!K  (  tion  I  hus.  noai Is  ail  lilttod  ti .insiusi  d  is 

u  '  ■!  'lun  f  I'c  i.t!  pl.i/oiot  •,  M  alinu  a  » hint  ii>nal  t  hroinhiH  s  lopcnia  I*  m  tin  i  nuM  o 
i  I .  'f  i  II  I  ;  na  i  a  .st  s  plat  (lot  s(  >  p  losli  .it  ion.  I  I  I'sh  lio/<  ::  plasiii.i  t-oiit.niis  .ill  t  oau  • 

li.i;  ;>  i  I  ' .  s  <  vi  op(  plali  lots  1  In-  mlc  of  tn  sh  li  o/i  n  pl.o  ma  mi  Ii  <  -h  l.-^s  th.m 

-’I  h.'',!  wli  do  hlood  is  I  tMi' I  (IS  or'si.il  ■  •  " 

( i.  '  I .  lUii,  ipaths  tifm.isMSi  (laiisInsitMi  tn  I  nrs  conimonls  a  lion  In  (si »  <  n  otu 
I  .in'  !  ' '  1 1 !  MS  (ho  ost  imat  od  hlood  s  tdnmo  h  is  hi -on  .idministd  rd  )  i  ii  units  t»i 

I  '  0  '  '  lioi  lit  Mir  dm  mistoi «  d  4  !-ii  I  hoi  sinmlivanl  l?aiislnsi«>n  is  antnipatrd  or 

U'  1  -I  /'  d  '!i  o  111  lU  i>  .ippao  m  \!  ost  lios|  It  1 1  hloot!  **anks  tio  aol  sto-  k  )  »1  i{«  lots. 

'  d.  ■  til  .  Cl  a.  u  od  to  hr  oidi  ir  !  v\ «  ll  III  a-lvaiKo  Adilition.d  nmis  ol  jilatMots  ssill 

!u  ,  ■  '  ’  •  . ;  1  lo  I  a  or ;  I  i,i^c  i  not  r*  m  1 1 1  oik  d  \  I  f  lioiiuli  tin  ^  is  <  onli  os  (*rs|.ih  \\  r  also 

•  i  '  '  I  _  : !  o'  •  ol  t  o  '1  i  Ii  o/'  n  p!  !  >m.i  a|ti  1  I  ( >  nnils  o.|  hlood  i  -  i  p.n  ki  o  ■.  <  Ih  ind 

I  ,  ,1  M  I ' '  t'  'I  r  .U  1 1  ti  1 1  I  h'  :  . )  :  ut  ■■  *4  1 !  an -.f  li soi  I  hlood. 
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I  )r\r|tn>iiicnl  i)|  a  c'«)iiMnnp(!\c  (.na'^iilojiathN  .pti^sihK  rcNMitnm  fr<iin 
it  llit.mil'opiastiM'  will  Initli.  i  tl<  plctc  tlir  (lilutrtl  plati  lrls  aiul  alriMil)  ilr- 

,  r*  a^'inl  i  Katni'^  ♦.u  tors 

1  11.  Mi>  1^1  wti\  ciiu'iit  iih  IIkuI  ii)i  clrtcniimin-j:  l!u  <>l  a  Mfcnliiiu  tlisimlci 

tla  \!r»n:.  ot  iii.iior  trauma  is  to  (.list  i\r  tlio  ctiauulatit'M  tiiiif.  II.  iii  a  ulass  tiil)i- 
.1  54.  H)(l  ^  jr.t  (I*  US  not  (nr  III  01  iln.s  sn  niiK  atti  r  a  pinloliUml  prl  Mul  ol  liim*.  tlrrn  a''*-.! 
I  Inttmu  t.u  f  'I  >  an  nnplu  .lit a!  I(  tlu'  rlol  |«m  uis  (>u(  iloe-s  nut  n  trar  I  llinmilMK  \  In- 
|v  laa  n  tlu  !ikrl\  *  aiisc.  It  (lie  <  lot  l\suv,  fjl)riii<il\  -  i.s  is  likt'h. 

(  «iU  mm  is  lioiiml  In  l  itratu  in  liankcd  Muuil  l>nt  its  I'liiiiral  iinpuiiaiicf  as  .i 
,  IMS',  (it  tlu  lili  rilim:  diathrsis'  o(  massi\r  trausliisiun  and  u(  liiH-rrasud  in\u<-ai(iiai 
(i;iKti'>u  '  is  (  niitrnvi'isial  W  r  do  not  adnunistui  laliinm  rontnu-K  as  pniplis* 

l-iMs  against  <  oaiiolation  di'iia  ts 

snx  I  \L  I’HOBi. i:\is 

T!u)rac‘ic  Injuries 

riiita  proMi  Ills  mav  ri‘f|uiri  sjua  ial  4u  tions  h\  llic  am  stliusiulumst. 

i'uimotuin/  Injuries.  S\stfmu  air  rmliulisin  dm-  lu  pnssnic  in  tin*  a!v<-u!i 
(  \vi  ♦‘dmu  prt'ssun  s  in  adiuinini;  pcrloriti'd  tmliiiunarv  xessi'K  i.s  not  niiroininun 
t  I  asi.  aiallv .  a  massive  liromliial  air  leak  mav  prevent  eika  tivi  met  lianieal  vi-nti- 
!  it  ion  1'!  u  eluent  ot  a  vioulile  lumen  endoti  ai  lieal  (nlie  pruv  ides  inavinial  eunfiol  ol 
tins  pidlili  ni  i.nd  jnevents  liemnrrliaUe  into  tlie  depi-ndent  liinii  dniinu  laleial  llio- 
r  ,1'  otei  I  \  li  I  Ills  l»  I  Imupie  is  not  possilile  a  loii  j.  ^mdot  raelieal  tnlu-  eapal»l<'  ol  luimi 
.td\  ru  1  d  into  a  m  im  luonelms  slumld  l>e  used  (ulialeil  agents  should  im  lude  onlv 
owe,  1,  j,nj  anosihelie  vapor  until  measuiamients  oi  pninioriaiv  ovvi'en  e\(  haiiUe  are 
(  t  !faU  u  <1 

/fi;nrirs.  l*rolom;ed  snina-ienal  i  lampinu  o(  (lu  amta  mav  taust  lenal 
and  'puial  («  id  isi  luMui.;  The  hi'^du  r  (he  v  lamp,  du’  iZn  (tit  (iir  hk<’hhu««)  ol  n- 
“I  It.mt  !ett  ventiKul  u  lailuic  Irom  (he  eja  at  im  tease  ni  alterload  It  eonliol  helow 
flu  ai'iiK  I'liutv  |s  (eisilile.  a  shunt  inav  he  plaeed  dnnni'  (lie  piMiod  of  elamp-otl. 
Hi  'tor.ition  ot  volume  will  (hen  prevent  the  atorementioiied  prohh-ms.  liuwiv<  i. 
1!  di't  il  i  te,»i-il  In  not  te.isiMe  and  .1  slmnt  is  not  [ikua’d.  an  aueiit  smh  as  sodium 
. 1 1' ' opt  I issu !(  mav  h»  reijinreii  fo  pei  init  volume  loadinu  while  (lie  aoitie  damp  is 
11.  p!  'I  ■  \ f  (t  t  lal  pi (  ssiiu'  monitoi  imi  sljonUl  he  Irom  (h<-  1  ij;hl  •urn  it  (he  injnrv  mav 

'  '  I-  .n<  h  ('I  die  aoita  II  time  pejnnfs  lejl  ventiu  id.ii  lilhim  pressnie  should 

I  •  ni.  Mitoi  I  .  1 

(  .mh<i(  Injurio  and  / T^iipofu/de  Ihipid  snruieal  eoii<  <(ion  is  essential 

\  >ia  i>  ind'u  ed  with  a  small  dose  ot  Ketamine  i(f  >0  to  0  7  nm  per  kc  ,  vvhieli 

'  '  all .  •,i.u:itains  ( .n : liai  (mu  t ion  ral hei  than  sodium  ihi«»pental.  vv  hieh  depi esses 
‘‘'■u’Ms  ietiirn  anil  mviu.iultal  eonti aetihtv  \lthomih  the  inaintmianee  ol  a  hiuh 
i  ti.aa.  nliiiiL.'  pressu[<‘  is  t heoi i  tu  .il I v  impoitaiit  and  Int  1  av mions  Ihiid  should  he 
•-■)»'  e  !"  .It  h)  \i  It  (his  IS  ojilv  a  sijoit-ieim  li  mpoii/imi  ineasnie 

Npiiud  Injiirifs 

l!u  .ppi'Me’fi  to  set  i.riMU  an  mw  iv  h.i*  ahe.idv  been  dneussed.  Xlthoiiuh  use 
t  'Ml  .  1  1 V  li  ihiie  is  I  o!it  I  aiiulu  at  ed  s(  \  ei  al  dav  s  altei  a  dmu  1  v  at  ion  iiiim  v  (here 
I  ii  )  .  vi  h  u.  ill  iimsch  nu  inhiane  inslahilitv  m  the  hist  lew  homs,  Ihus,  if  oth- 
■  !W!S(  I’.di-  iti  (1  sM<  V  mv  l(  hoiiiie  111  iv  he  nu(l  Palienis  m  halo  tiaetion  Mainiriim 
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.lUi  stlu  'M  li>r  otiicr  iMinru  s  .trr  ml iili.iltn!  u. is. ill;,  uiidi  r  topu-iil  .itK-sflii-si.i  it  iu c 
t  nviia  Until'  .1  til'i  ruptii  l>n »{i<  In >Nr' »jH'  \(  i.'tr  spm.il  (uii)  iiijiiiii's.  p.ii In  id.ii  1\  m 
tin  icixu.tl  (M  Imili  tlu'i.uu  n'UiDiis.  nsiilt  m  a  '‘piiial  sliork  sMulroiiu*  l.aiiir 
M’lunu  s  ui  intiaM'imiis  IIumI  ina\  lx-  irt|miril  to  iiiainlam  .Kinpiatt*  (mkIi.u 
jiK  sv.;,,.  ,11,(1  sNstcmii,-  \>»t.'ssmr.  (  I'Mhal  \rimtis  prTssmr  slmiild  hi-  iinMiitoi'isl.  and 
u  .idi  iMumii.  a'^i  tits  Ilia'  Ix'  used  tu  i  i>uipT?isat»‘  lor  llx*  iiip.ithi'tir  ilt  in  ?  \  .iluni. 
p’,t\  xicd  diat  <  .iidi.x  lillimi  jiirssurrN  and  uniir  milpiit  an*  niaiutaiiird. 

Hiad  Injuries 

/rUriicninui/  presstin'  \s  diaii  a^  d  as  uim  li  as  possil»U‘  !»\  adiiunistral ion  ol 
m.i’iiiil"!  >ir  t'lrosciiiule.  induction  oi  lispocapnia  (I'ai  o.  <  d(t».  and  inatntiMi.im i-  ot 
a  !-■"  M  ih'Us  pri.*ssurt\  A  nua  lianical  Mutilator  v\‘av o-tor rti  uitli  rajiid  itispirato/N 
tlo'i  lati's  tiia\  assist  in  niinnni/inU  inlrallioracic  prossnio.  I'o  tniiiiiiii/r  antononiK 
n  Np'.UM-  u>  mtiilMtion  aiul  incision.  Karliitnratcs  and  n.ircolics.  luxaiisr  ol  tlu-ir  U  ss 
.iiia'i'i  iMc  t  ttccts  on  intracr.mial  pressme.  arc  prohaMs  pictcraMc  to  (lie  aiit  stlu-tk 
Napoi-.  I!i>uc\ri.  llicic  is  no  stioiij;  ('\ idcnci'  to  support  larni-  dosr  iiailuturatc 
i!m  lap'  t.M  iMaiii  iM'otcction  in  this  scPimi, 

/n/r{if>prnitif*<'  (  om/i/iVation.s.  Marked  h\ potiaision  innix^diatoU  lollowini/.  in¬ 
ti. r  lain. il  del ' >mpi (  ^sioii  IS  <,-oininon.  Tins  sliouM  lx*  manaut'd  widi  llnids  and.  d 
•leii  'N.e\  the  puheions  use  o|  a  piessoi  sm  h  as  ephedrine  W’o  roiitineK  t  stahlish 
a!ti  la.ii  .I’ld  lentr.il  Xenons  pn  ssuie  inouitoiinil  as  soon  aitei  nulnetion  as  possible 
\  '  ■  ‘.«^ulopat h\  is  oee.isii mallx  seen  1  he  t  t iolo\»\  o!  this  dissmninated  in t rax aseular 
■  oa.:  il.ihori  lik<-  picture  is  not  i  lear.  hut  Iresh  hli>od  or  fresh  Irn/en  plasma.  oi  a 
I  oi'ihpMtion  ot  the  txxo  , .  tlu'  tlx'iapx  of  (  ho!«  e  \eni«xieni<  pnhiion.irx  edema  max 
^’e  SI  ,  I,  i,iM  K  and  f.u  ihties  nnisl  lx-  axailahl«-  toi  iiitiaitpeiatixf  apptieaiion  of  ]>os- 
U  e  •  (  I  1  I  xpn  ttoi  \  pressnre 

rlu‘ 

\  i.  i.il  mnuT  s  max  iiielndi'  tiaimi  i  («>  th<-  i:l'‘he  of  the  exe  l.oss  of  xiinxms 
I'  .it'  ii  Ills  ,e,d  |<  ns  iiKix  lesnlt  iu  pmm.m'  iit  hlmdness  and  ri-pnire  i  x iseeration 
I  '  mimmi/e  this  possihilitx,  exerx  '  iioit  o  made  .ixoid  laisinc  inliaix'iitar  pn‘s- 
'Uie  l!ir  tailors  that  control  inttaocnlar  pre.suie  .ne  simil.u  to  those  afleelinu 
I'lti.i'  I  mill  pressure.  Iiu!ueti»in  ot  .mesthesi a  musj  In-  smooth  and  tlieie  innst  he  no 
o*  /t  ('1  ex  e  muscles  or  s{iaium'4  dm  iii'4  smi^crx  The  iasu  nkitions  that  aeeom- 
p  e  I V  .t(  hi  ii  I  list  rat  i«  ni  of  sui'ciux  Ichol  im  •  i  ausi  ,i  t  r.msx  n  t  mei  east  >  jn  mt  raocid.n  fires- 
•  '  '  hut  its  iiupOi!aucc  or  the  I'flei  t ix »  ness  ot  a  piixxtiislx  .xlminislered  iitxi-ile- 
["  !  ii  i/iiiL  aUeiit  in  the  open  ex  i  is  im«  <  i  t.im  Our  piefeieii-  e  iiu  hides  the  use  of 
pi'»'  lai  i.MtioM  a  larUe  dose  o|  tlnopt  ntal.  and  siu i  inx  K  holme  or.  if  .i  sniallc-r 
1'''*  '  f  diiop»  ii(al  xxonld  he  saf'  i  Mihsfitutmi4  a  lari^e  d«e.t-  o|  pan«  nroniuni  0  l.A 
'  -  "I  foi  the  siicciiiX  Icliefi'K  lithi?  a  .e.  tin  piolonnd  nixoneui.il  Idoek  is 

"  '  '  n  d  .nel  nieuifored  with  a  m  r\ e  sfimulaloi  Du  \»  ntd.ilor  »s  adinsled  to 

'  ii  '  '  a  i,\  p.H  apiiM 
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Introduct ion.  Hemorrhage  stimulates  the  sym- 
pathoadrenar~system.  Although  anesthetic  agents  may 
cause  further  stimulation,  it  is  not  clear  that  this 
would  be  beneficial  when  inducing  anesthesia  during 
hypovolemia.  Ketamine,  like  cyclopropane  before  it, 
has  been  recommended  because,  during  normovolemia, 
it  causes  cardiovascular  st  imu  I  .it  i  on .  IdvaH(I)  and 
Longnecker  and  Sturgill(?)  concluded  that  rats,  bled 
during  ketamine  anesthesia,  had  Setter  redistribu¬ 
tion  of  blood  flow  than  rats  bled  during  pentobarbi¬ 
tal  or  halothane  anesthesia.  However,  Theye  et  al 
and  we  have  observed  detrimental  metabolic  effects 
in  dogs  bled  during  eye  lopropanei 3)  or  ketamine(4) 
anesthesia  in  comparison  with  halothane,  isoflurane, 
or  enflurane. 

These  studies  e«amined  the  effects  of  bleeding 
after  the  animal  was  anesthetized.  We  sought  to 
test  the  hypothesis  that  in  awa»e  animals,  compensa¬ 
tion  for  hemorrhage  would  be  detrimentally  influ¬ 
enced  by  an  ar.estnetic  agent  which,  during  normo¬ 
volemia,  causes  cardiovascu'ar  stimulation. 

Methods.  Thirteen  domestic  swine  (19. 5*0. 6kg; 
mean*srMT'wpre  anesthetized  with  halothane  in  0,  to 
allow  insertion  of  peripheral  venous  and  systemic 
and  pulmonary  arterial  cannulae.  Each  pig  was  intu¬ 
bated,  paralyzed  with  metocurine  (0.2mg/kg,  supple¬ 
mented  as  needed),  and  mechanically  ventilated  to 
maintain  PaCO,  during  all  conditions  at  40  torr. 
PaDp  was  always  maintained  al  1S0-?10  torr. 
Admfnistrai  ion  of  halothane  was  discontinued  and 
each  pig  was  studied  supine,  normovolemic,  after  the 
end-lidal  halothane  concentration  (measured  by  mass 
spectrometry)  had  decreased  to  less  than  0.50  torr. 
Measurements  were  repeated  after  a  blood  volume 
reduction  of  30X  over  30  minutes.  Each  pig  was  ran¬ 
domly  assigned  to  one  of  two  groups:  Group  !,  con¬ 
trol,  no  anesthetic;  or  Group  11,  induction  of 
anesthesia  with  ketamine,  b.t^O.b  mg/kg,  iv.  The 
dose  given  to  earn  pig  was  one-half  the  minimal 
induction  dose  determined  while  normovolemic,  24-«3h 
before  the  e «per iment .  Group  II  was  studied  again  5 
minutes  after  induction  cf  anesthesia;  Group  I  was 
Studied  at  a  comparable  time,  Studert's  unpaired 
t-test  was  used  to  compare  the  awake  normovolemic 
state  with  the  awake  hypovolemic  state  and  to  com¬ 
pare  Group  I  with  Group  II  after  induction  of 
anesthesia. 

Resu Its .  30t  blood  loss  decreased  right  and 

left  heart  Tilling  pressures,  mean  systemic  blood 
pressure,  and  cardiac  output.  Systemic  vascular 
resistance.  lactate  concentration  and  plasma 
catecholamines  increased;  0,  consumption  did  not 
change  (table  I).  Before  induction  of  anesthesia 
there  were  no  differences  between  Groups  1  and  11. 
Althougn  ketamine,  in  comparison  with  the  control 
group,  caused  a  pronouncec  increase  in  plasma 
catecholamines  5  minutes  after  induction  of 
anesthesia,  mean  systemic  Dloud  pressure,  cardiac 
output,  and  systrmic  vascular  res  slmre  decreased. 
Oj  consumpt  I  on  decreased  whil.^  lactate  concentration 


increased  (table  11). 

Cone  lus ion.  We  have  found  that,  in  hypovolemic 
Swine,  induction  of  anesthesia  with  ketamine:  a) 
causes  a  further  increase  in  plasma  catecholamines, 
b)  causes  cardiovascular  depression,  and  c)  results 
in  failure  to  meet  total-body  0.  dei..and.  We  con¬ 
clude  tnat  during  hypovolemia  either  a)  additional 
cardiovascu 1 ar  response  to  further  sympathetic 
stimulation  it  not  possible  or  b)  that  such  stimula¬ 
tion  is  Overwhelmed  by  the  direct  depressant  effects 
of  ketamine. 
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Weiskopf,  Richard  B.,  Mary  I.  Townsley,  Kathryn  K. 
Riordan,  Dale  Harris,  and  Karen  Chadwick.  Acid-base 
curve  and  alignment  nomograms  for  swine  blood.  J.  Appl. 
Physiol:  Respirat.  Environ.  Exercise  Physiol  54(4):  978-983, 
1983. — To  construct  acid-base  curves  and  alignment  nomo¬ 
grams  for  swine  blood,  we  added  known  amounts  of  acid  or  base 
to  aliquots  of  swine  blood  with  three  different  concentrations  of 
hemoglobin.  Pairs  of  blood  samples  were  equilibrated  at  two 
different  CO2  partial  pressures,  and  blood  pH  was  measured. 
Data  were  analyzed  by  computer,  and  mean  values  were  created 
for  complete  data  of  four  swine.  Curve  and  alignment  nomo¬ 
grams  were  constructed  by  computer.  The  resultant  nomograms 
for  swine  blood  differ  from  those  constructed  by  Siggaard- 
Andersen  for  human  blood,  most  importantly  at  base-excess 
values  of  -t-10  to  +25  mmol/1.  The  possible  reasons  for  the 
observed  differences  are  discussed  and,  although  not  completely 
re.solved,  may  be  related  in  large  measure  to  the  accuracy  of 
pH  determination  and  the  methodology  of  nomogram  construc¬ 
tion. 

carbon  dioxide  partial  pressure;  blood  pH;  computer  analysis 


RECENTLY  THE  PIG  has  become  increasingly  popular  as 
an  experimental  animal.  To  maintain  “normal”  values 
during  some  of  our  experiments  (9),  we  needed  to  know 
the  acid-base  parameters  of  swine  blood.  We  were  unable 
to  find  this  information  in  the  literature.  Although  we 
lacked  information  indicating  specific  differences  in  acid- 
base  parameters  between  human  and  experimental  ani¬ 
mal  blood,  we  were  not  especially  concerned  until  the 
report  of  Scott  Emuakpor  et  al.  (12),  which  indicated 
differences  between  human  and  canine  blood  in  the  he¬ 
moglobin-independent  plot  of  log  CO2  partial  pressure 
(PCO2)  vs.  pH.  Those  findings  and  our  need  to  character¬ 
ize  the  acid-beise  status  of  swine  blood  led  to  the  present 
investigations.  As  a  result,  acid-base  curve  and  alignment 
nomograms  were  constructed  for  swine  blood,  and  the 
methodology  used  for  their  construction  was  reappraised. 

METHODS 

Collection  and  handling  of  blood.  Four  studies  were 
performed;  the  blood  of  a  different  pig  was  used  in  each 
study.  Each  pig’s  blood  was  handled  in  a  similar  fashion. 
Pigs  were  anesthetized  with  thiopental,  and  330  ml  of 
arterial  blood  were  collected  in  heparin  (33  units/ml 


blood).  Whole  blood  was  centrifuged,  and  three  red  blood 
cell  dilutions  (to  packed  cell  volumes  of  approx  9,  27,  and 
45%)  were  prepared  ft-om  the  separated  red  blood  cells 
and  plasma.  A  sample  of  well-mixed  original  whole  hlood 
and  samples  of  each  dilution  were  placed  in  ice  for  later 
determination  of  total  protein  (6),  hemoglobin  (6),  2,3- 
diphosphoglycerate  (8),  and  methemoglobin  (3)  concen¬ 
tration.  Blood  samples  were  prepared  in  duplicate  at  base 
excesses  (BE)  of —25,  —20,  —15,  —10,  —5, 0,  +5,  -1-10,  +15, 
and  +20  meq/1  at  each  of  three  hemoglobin  concentra¬ 
tions  (a  total  of  60  samples)  by  adding  100  pi  of  working 
acid  or  base  solution  (see  below)  to  3.9  ml  of  blood.  To 
prevent  red  cell  lysis,  blood  samples  were  briefly  centri- 
f^uged  at  low  speed,  and  the  acid  or  base  solution  was 
added  to  the  swirling  supernatant  plasma.  Samples  were 
then  gently  but  thoroughly  mixed.  Blood  preparation 
was  followed  by  tonometry  and  measurement  of  pH.  One 
member  of  each  pair  of  blood  samples  was  equilibrated 
for  7  min  in  an  Instrumentation  Laboratories  model  213 
tonometer  with  a  gas  mixture  of  2.72%  CO2  in  O2;  the 
other  member  of  the  pair  was  similarly  equilibrated  with 
a  gas  mixture  of  9.60%  CO2  in  O2.  The  gas  mixtures  had 
been  previously  analyzed  in  triplicate  by  the  method  of 
Scholander  (11).  (When  these  gas  flows  and  concentra¬ 
tions  and  blood  volumes  were  used  in  preliminary  exper¬ 
iments,  equilibration  of  blood  with  CO2  was  achieved 
within  4-5  min.) 

We  measured  pH  using  a  Severinghaus-UC  electrode 
(13)  thermostatically  controlled  at  38.8  °C  and  a  Lorenz 
model  3  DBM-3  amplifier.  The  pH  electrode  was  cali¬ 
brated  with  precision  reference  buffers  (pH  6.839  and 
7.379  at  38.8°C;  Radiometer  3-ml  sealed  glass  ampules). 
Electrode  calibration  was  checked  with  the  7.379  buffer 
before  and  after  each  blood  sample  reading.  Measure¬ 
ments  were  performed  in  duplicate  with  a  maximal  allow¬ 
able  difference  between  the  two  determinations  of  0.003 
pH  units.  The  mean  (±SD)  of  the  difference  between  the 
paired  reading  for  all  samples,  calculated  without  respect 
to  sign,  was  0.001  ±  0.001  pH  units.  Measurements  of  pH 
were  corrected  for  red  cell  suspension  effect  (17, 18).  PCO2 
was  measured  in  duplicate  by  using  a  CO2  electrode 
(Radiometer  E5036)  in  a  steel-and-glass  cuvette  (Radi¬ 
ometer  D616)  thermostatically  controlled  at  38.8°C.  The 
electrode  was  calibrated  with  gas  mixtures  analyzed  in 
triplicate  by  the  method  of  Scholander  (1 1).  A  reading  of 
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a  standard  gas  with  a  Pco..  close  to  that  expected  for  the 
blood  sample  was  taken  before  and  after  each  blood 
sample  reading.  Blood  COj  tensions  were  systematically 
measured  to  ensure  equilibration  of  blood  with  COii. 
Mean  (±SI))  difference  between  mea.sured  and  expected 
blood  Pco..  (calculated  without  regard  to  sign)  was  0.88 
±  0.27  Torr  at  Pro.,  of  67.9  Torr.  Iteadings  for  pH  and 
Pc<)_.  were  corrected  for  electrode  drift. 

Preparation  and  standardization  of  acid  and  base 
solutions.  A  1.0  N  solution  of  NajCOi  (1(K)''(,  certified 
alkalimetric  standard,  Fischer  Scientific)  was  prepared 
and  used  to  standardize,  by  titration,  what  we  determined 
to  be  a  stock  solution  of  1.01  N  HCl.  The  1.01  N  HCl  was 
used  as  a  titrant  for  a  stock  solution  of  what  we  deter¬ 
mined  to  be  l.O;)  N  NaHCOi.  Concentrations  of  0.2,  0.4, 
().(>,  and  0.8  N  acid  and  ba.se  working  solutions  were 
prepared  volumetrically  from  the  stock  .solutions.  All 
working  .solutions  were  titrated  as  de.scribed  above.  All 
titrations  were  repeated  after  completion  of  the  bench 
laboratory  work  reported  here;  no  differences  were  noted 
between  determinations  made  before  and  after  these 
experiments. 

Data  analysis.  'I'he  (iat.i  generated  for  each  pig  re¬ 
sulted  in  three  .sets  of  values  (1  for  each  concentration  of 
hemoglobin).  Kach  .set  contained  values  for  pH  and  Pc(' 
for  blood  samples  at  each  BE  (0-20  meti/l  of  ;icid  or  ba.se 
added).  However,  since  the  BE  of  the  blood  drawn  from 
the  animal  wtis  not  neces.sarily  zero,  the  data  were 
“normidized”  to  correct  for  any  small  acid-ba.se  imbjil- 
ance  at  the  time  of  sampling.  'I'o  accomplish  this,  .Sig- 
gaard-Andersett  and  Fingel  (19,  22)  plotted  constant  ('().• 
titration  curves  (pH  vs.  acid  or  ba.se  added)  at  both  CO.- 
tensions  for  eai  h  hemoglobin  concentnition.  They  curve 
fit  their  data  b\  eye  and  by  hand  and  similarly  shifted 
the  iixis  for  the  added  acid  or  base  so  that  zero  corre- 
spotuled  to  pH  7.4(Mt  for  the  Pco.'  dO-'l’orr  curve  ((). 
Siggaard-Ander.sen,  personal  tommunii'ation;  see  Fig.  It. 
In  following  their  methodology,  we  noticed  that  minor 
differences  in  curve  fitting  and  shifting  the  data  "by  eye" 
re.sidted  in  relatively  large  differences  in  the  final  nomo¬ 
grams.  I'lialde  to  arbitrarily  re.solve  these  observed  dif¬ 
ferences,  we  used  precisi-  mathematical  and  graphical 
technitpies  that  were  implement«sl  by  a  computer. 

For  eac  h  concentration  of  hemoglobin,  we  calcul.ited 
regression  coidficients  by  using  a  forwiird  stepwi.se  (with 
a  backward  glance)  selection  procedun’  (.7)  to  fit  the 
model 

pH  =  ((',  -F  (’  ‘BE  -)-  (',*BE  -I-  (’,*BE 

-F  C.'BE'lMog  P<  II  -F  (’,.  -F  (’  ‘BE 

-F  (\‘BE  -F  (  '.BE  +  HE' 

Ibis  model  has  the  following  |)roperl ies:  I)  lor  ;ui\ 
givi'ti  BE  the  relationship  between  pH  and  log  Pen  is 
line.ar;  2)  the  slope  and  inten  i'pl  of  this  relationship  may 
varv  nonlinearly  with  BE;  and  .11  for  each  concentration 
of  hemoglobin  the  calculated  coefficietits  didliie  a  model 
that  fits  the  datii  with  high  stiitistical  signilic.itu  e  l/f  > 
n  !tf)) 

For  e;ich  level  of  hemoglobin,  the  equ.ition  was 
"normalized"  to  ;i  pH  of  7. DM)  for  a  HE  of  zero  .uid  .i  Pen 
of  D),l)  Torr.  based  on  the  ob.serv.it ions  of  Orr  et  .il  .  m 


six  awake  chronicallv  catheterized  swdne  (10),  'I’he.se 
inve.stigators  mea.sured  arterial  partial  jire.ssure 

(l*ac<).)  as  .'58  Torr  and  arterial  jiH  (pH„)  as  7.1.'i  (BE  <  1 
mmol/1).  This  .seemed  sufficiently  clo.se  to  the  human 
standard  of  Pfo^  of  40  Torr  and  pH  of  7.40  to  retain  the.se 
values  for  BE  =  0  for  the  purpo.se  of  nomogram  construc¬ 
tion.  This  normalization  was  accomplished  by  .solving 
each  derived  regression  for  BE  at  pH  7.4  and  Pco..  40 
d'orr  using  the  -lenkins-Traub  three-stage  algorithni  (7). 
The  re.sult,  BE..r,„r,  represented  the  deviation  of  the  acid- 
base  status  of  the  animal  from  zero  at  the  time  the  blood 
was  drawn.  Values  for  the  amount  of  acid  or  base  added 
(BE)  were  then  adjusted  (shifteil)  by  the  iimount  of 
BE..rr.,r.  'I'he  above  regression  model  was  then  refit  with 
the  shifted  BE  values. 

Curve  nomopram.  By  using  the  eijuations  resulting 
from  the  above  curve-fitting  procedtire.  we  calculated  the 
relationship  between  pH  and  log  Pco..  for  each  of  the 
three  concentrations  of  hemoglobin  at  each  level  of  HE. 
Siggaard-Ander.sen  and  Engel  (22)  stated  that  for  each 
level  of  BE,  there  exist  a  single  pH  and  Pco..  that  tire 
independent  of  hemoglobin  concentration.  'I’herefore  for 
each  level  of  BE  the  three  lines  ctilculiited  above  should 
intersect  at  a  single  point.  Brodda  (2)  has  calculated  that 
this  can  occur  only  if  shifts  in  water  between  tbe  red 
blood  cell  and  plastuii  thiit  re.'-iilt  from  changes  in  pH  are 
tiiken  into  jiccount.  Experimentiilly  the  three  isohetno- 
globin  lines  at  each  level  of  BE  result  in  three  intiTsec- 
tions.  .Several  tipproaches  arc  po.ssible  w  hen  iipproxinuit - 
ing  the  hemoglobin-independent  point  by  cominiter.  For 
exiimple,  the  three  points  of  intersection  could  be  aver- 
ttged.  However,  this  method  can  be  shown  to  be  subject 
to  liirgi-  error  when  two  of  the  hemoglobin  lines  are 
nearly  parallel.  Other  simple  methods  of  approximation 
are  similiirly  subject  to  error.  At  the  expense  of  being 
more  complex  tind  cutnbersome,  our  a|)proach  iivoided 
this  potential  error. 

We  iipproximated  tin-  hemoglobin-indepetident  [loint 
by  c.alculating  the  point  that  mitiitni/.ed  the  tnean  sijujire 
difference-  in  pH  and  log  Pco  between  the  point  iind  the 
three  buffer  slope  (isotiemoglobin)  hues.  Int uit  i\ t-ly  such 
a  point  would  lie  th.it  requiring  the  smallest  change  in 
the  proje-ction  of  the  three  he-moglohin  lines  to  produce 
a  common  interseilion  V\'c  derived  this  [mint  m  the 
following  fashion. 

Let  lpH,,„i.  log  P((»  „„i)  be  the  llh-mdepetldetlt  point, 
and  let  m,  and  h.  (t  =  1, 2,  .i)  be  tfie  slopes  atid  intercepts 
of  the  three  linear  relationships  calculated  from  the 
regression  model  lor  a  gncii  HE  ti  e.,  pH  =  ni,  log  Pco 
-F  />,).  .SoKe  the  following  set  of  e(|uallons  for  [ill  .,i  and 
log  Pco 

d.V 

-=  I) 

dl|d  l.,..i) 

where  .V  -  (pHi  -  [ill  .,)  +  ([ill  pH . I  F  Ipll 

|)H,„.,) 

dY 

-  o 

dtlog  P(  o 

where  )’  (log  I’lO  -  log  l’(  i)  F  llogl’co  log 

P<  <)  „.i)  F  tlog  I’<  I)  |(vg  l’(  () 
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FIG.  1.  Mean  acid-base  curve  nomogram  for  swine.  See  text  for 
derivation  of  “mean"  values  for  4  swine  and  construction  of  nomogram. 

TABLE  1.  Swine  base-excess  curve  nomogram 


Cfxirdinates  Coordinates 


Hase  hxceAA. 

•  1  ‘ 

pH,  units 

PcOj. 

Torr 

base  Excess, 
meq-i  ' 

pH.  units 

PcOj, 

Torr 

-20 

7.145 

19.7 

0 

7.400 

40.0 

-19 

7.162 

20.7 

1 

7.412 

40.6 

-18 

7.178 

21.8 

2 

7.424 

41.0 

-17 

7.194 

22.9 

3 

7.436 

41.4 

-16 

7.208 

24.1 

4 

7.448 

41.6 

-15 

7.223 

25.2 

5 

7.461 

41.8 

-14 

7.236 

26.3 

6 

7.474 

41.8 

-13 

7.249 

27.5 

7 

7.488 

41.8 

-12 

7.262 

28.6 

8 

7.502 

41.6 

-n 

7.275 

29.8 

9 

7.517 

41.3 

-10 

7.287 

30.9 

10 

7.532 

40.9 

-9 

7.298 

32.0 

11 

7.548 

40.4 

-8 

7.310 

33.1 

12 

7..565 

39.8 

-7 

7.321 

34.1 

13 

7.582 

39.1 

-6 

7.333 

35.1 

14 

7.600 

38.3 

-5 

7.344 

36.1 

15 

7.618 

37.4 

-4 

4.355 

37.0 

16 

7.637 

36.4 

-3 

7.366 

37.9 

17 

7.657 

35.3 

-2 

7.377 

38.6 

18 

7.678 

.34.2 

-I 

7..389 

39.4 

19 

7.700 

33.0 

20 

7.722 

31.7 

PcOj,  COi  partial  pressure. 


A  curve  nomogram  was  then  plotted  by  connecting  the 
hemoglobin-independent  points  for  a  series  of  BE  values. 

Alignment  nomogram.  Curve-shifted  data  were  used 
for  a  computerized  construction  of  the  alignment  nomo¬ 
gram,  in  a  maimer  similar  to  that  described  by  Siggaard- 
Andersen  (20). 


Mean  Values 

For  each  pig  the  previously  derived  regression  equa¬ 
tions  (1  for  each  concentration  of  hemoglobin)  were  used 
to  calculate  pH  values  at  each  standard  PCO2,  at  each 
standard  BE.  The  resulting  four  pH  values  (1  per  pig)  at 
each  PCO2,  BE,  and  concentration  of  hemoglobin  were 
averaged,  thus  producing  a  set  of  data  representing  the 
“mean”  pig.  Raw  data  could  not  be  used  for  this  purpose, 
because  the  BE  values  of  the  sampled  blood  differed 
slightly  among  pigs,  thus  requiring  differing  degrees  of 
curve  shifting  to  achieve  normalization.  Mean  data  were 


7.20  7.30  7.40  7.50  7.60  7.70  7.80 

pH 


F!c,  2.  Compari.son  of  our  “mean"  data  for  swine  ( - )  with 

Siggaard-Andersen's  data  for  humans  (.•, - and  Scott  Emuakpor  s 

data  for  canines  - C ) 
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then  handled  as  if  they  were  from  a  single  pig,  and  the  that  of  Siggaard-Andersen  (19)  for  human  blood  and  with 
above-described  analysis  was  performed.  The  result  was  that  of  Scott  Emuakpor  (12)  for  canine  blood  (Fig.  2). 
separate  mean  curve  and  alignment  nomograms.  The  alignment  nomogram  is  shown  in  Fig.  3. 


RESULTS  DISCUSSION 

The  mean  acid-base  curve  nomogram  for  swine  blood  Our  mean  curve  and  alignment  nomograms  for  swine 
is  depicted  in  Fig.  1;  the  data  are  presented  in  Table  1.  blood  are  different  from  nomograms  for  human  (19,  20) 
We  compared  our  curve  nomogram  for  swine  blood  with  and  canine  blood  (12)  (Fig.  3).  As  a  technical  check,  we 


PC02 

I — 10 


BASE  EXCESS 

mmol/L  BLOOD  OR  PLASAAA  pH 


-no 

-120 

5-130 

-140 

•^ISO 

FKT  1  Mean  acid-base  ali^nnieni  nDmograni  bir  swine.  See  text  for  derivali<»n  of  “mean”  data  and  conslnu  tion  of  nomopram 
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performed  similar  but  limited  experiments  with  blood  of 
two  human  volunteers.  The  resultant  limited  nomograms 
(30  data  points,  at  hemoglobin  concentrations  of  3,  10, 
and  15  g/dl)  were  similar  to  that  of  Siggaard-Andersen 
(20)  between  BE  of  —10  and  +10  mmol/1  (P  >  0.5)  but 
different  from  our  swine  nomogram  (P  <  0.001).  To 
compare  the  swine  alignment  nomogram  with  that  drawn 
by  Siggaard-Andersen  for  human  blood  (20),  we  plotted 
our  data  of  known  pH,  PcOj,  hemoglobin  concentration, 
and  BE  on  the  Siggaard-Andersen  alignment  nomogram 
as  if  w’e  were  unaware  of  the  true  BE  value.  The  BE 
values  determined  from  the  Siggaard-Andersen  nomo¬ 
gram  were  compared  with  the  true  BE  values.  The  re¬ 
sultant  estimated  BE  differed  (P  <  0.001 )  from  the  known 
BE  of  all  blood  .samples  at  all  concentrations  of  hemoglo¬ 
bin  and  BE.  except  at  a  BE  of  zero,  for  which  the  results 
are  definitionally  identical.  In  nearly  all  cases,  however, 
the  calculated  value  was  within  ±10T  of  the  true  value. 

There  are  several  possible  explanations  for  the  differ¬ 
ences  between  our  nomogram  and  that  of  Siggaard-An¬ 
dersen.  Neither  set  of  data  is  based  on  the  blood  of  a 
large  population:  Siggaard-Andersen  used  the  blood  of 
four  humans,  we  used  four  swine.  However,  in  our  exper¬ 
iments,  individual  variation  did  not  appear  to  be  an 
important  problem. 

Some  of  the  observed  differences  may  relate  to  differ¬ 
ences  in  species.  vScott  Emuakpor  et  al.  (12)  described  a 
curve  nomogram  for  canine  blood  that  differed  from 
Siggaard-Andersen’s  curve  nomogram  for  human  blood. 
The  buffer  value  of  plasma  proteins  and  hemoglobin  can 
vary  among  mammalian  species  (4,  23),  and  this  may- 
account  for  some,  but  not  all  (21),  of  the  differences 
among  the  nomograms.  Measured  total  protein  of  our 
swine  blood  (7.2  ±  0.3  g/dl)  was  similar  to  the  normal 
value  for  humans. 

To  create  blood  .samples  of  altered  BE,  we  avoided 
important  dilution  of  plasma  proteins  by  adding  small 
amounts  of  relatively  concentrated  (0. 2-0,8  N)  acid  or 
base.  We  thereby  produced  some  alterations  in  ionic 
strength  of  blood,  which  may  account  for  some  of  the 
differences  between  our  nomograms  for  .swine  blood  and 
those  of  Siggaard-Ander.sen  for  human  blood  (19,  20). 
However,  our  lurve  nomogram  for  .swine  blood  differs 
even  more  from  the  original  curve  nomogram  of  Sig¬ 
gaard-Ander.sen  and  Flngel  for  human  blood  (22),  for 
which  the  identical  method  of  addition  of  acid  or  nase 
was  used. 

To  construct  the  nomograms,  we  followed  the  general 
methodology  of  Siggaard-Ander.sen.  However,  the  two 
methodologies  differ  in  .several  important  ways. 

We  used  a  method  different  from  that  of  Siggaard- 
.\ndersen  to  "shift"  the  original  data  to  normalize  the 
drawn  blood  to  the  established  definition  of  BE  =  0.  pH 
7.40<»,  P(  () .  40.0  Torr.  .Siggaartl-Andersen  (personal  com¬ 
munication)  accomplished  the  following  t;isks  gr.tphi- 
c.ill'  ,  fitting  the  curve  and  selecting  the  points  b\  eye:  / ) 
cur\e  fitting  the  two  const;irit  CO  titration  curve  plots 
(pH  \s.  ;>cid  or  base  added)  ;))  eiu  h  lonc ontr;n  )on  ot 
hemoglobin:  2)  estimating  simihir  djtta  for  I’t o  to  'I'orr. 
a.ssuming  a  lineiir  rebitionship  between  log  l’( o  attd  pll. 
followed  bv  curve  fitting  of  the  l’(  o  to  To))  d.ita  a-  tn 
/:  .i)  estini;)ting  the  .-ixis  shttt  ia(  xi  <if  ba'-e  .uliierli  oi 


align  the  Pco^  40-Torr  data  so  that  at  a  pH  of  7.4(X),  BE 
was  set  equal  to  zero;  and  4)  estimating  from  the  hand- 
drawn  iso-PcOi  curves  the  pH  at  preselected  levels  of 
BE.  An  example  of  this  graphic  process,  using  data  from 
one  of  our  swine,  is  shown  in  Fig.  4.  We  accomplished  all 
the  above  with  a  computer,  the  resulting  curze-fit  equa¬ 
tions  describing  the  data  with  an  accuracy  of  more  than 
99.959c. 

To  draw  the  BE  grid,  Siggaard-Andersen  used  his 
previously  developed  pH-log  Pco^  curve  nomogram  for 
one  set  of  blood  pH  and  Pco..  values  and  an  empirical 
relationship  between  buffer  base,  hemoglobin  concentra¬ 
tion,  and  BE  to  estimate  the  required  second  pair  of 
blood  pH  and  PcO:.  values.  Because  of  our  uncertainties 
regarding  the  specificity  of  the  pH-log  Pco.>  curve  nom¬ 
ogram  and  the  empirical  relationship  described  above, 
we  chose  to  use  our  original  data  and  the  computer¬ 
generated  curve  fits  to  that  data  to  determine  the  BE 
grid. 

To  generate  the  continuous  isohemoglobin  lines  of  the 
BE  grid  from  the  original  data,  we  developed  computer- 


AOD  ADDED  BASE  ADDED 

Immol  L) 

4.  Hnsf'fxiess  <HK)  ■■norniali/.il  mri"  (ur\i' 

-hitting”  data,  KxampU*  (visiuji  data  tiw  1  wl  i>vn  'ssint  i  )>!  ^laphu 
v.tlut  lot)  of  /  I  nirvp  2  foiistanl  ( '< )  ntrat  i<»n  t  in  \  J  >  pvt  imai  iii^; 

viniilar  data  for  Pro  40  ’I'orr.  0  csiiniatin^:  a\iv  vhili  to  .ili^ti  P(  o  4" 
Torr  «  iirve  to  pH  7  400  at  HK  =  i>.  ami  4'  pvt iniat iiit:  pH  at  prpvptp*  tpd 
valup"  ot  MK  Hn  hnruttnfol  a.x/.v  lower  '.(tiupv  mdn  atp  knoun  aMPunit' 
-.t  .old  or  l»avp  added,  upper  \aliips  mdn  ate  rpvfili.ini  HK  .ittei  a\i> 
-In' ■  itiL'  Sei  ’ «-\t  foi  additional  df "I aiU  e  .e  rornpli-l'ipd  I  h*  'P  ’  .I'k^ 
!  <t’ ipo'et  ii> >T  u'r.tplin  a!l\ 
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calculated  plasma  HCOi  between  38.0  and  38.8°C  was 
less  than  0. 1  mmol/1. 

Finally  there  are  differences  in  the  methodology  of 
measuring  pH,  the  major  variable  on  which  these  nom¬ 
ograms  rest.  As  a  result  of  advances  in  design  and  con¬ 
struction  of  pH  electrode  (13)  and  amplifier  (16),  our 
determinations  of  pH  probably  had  less  variability  [0.001 
±  0.001  (SD)  pH  units]  than  did  the  measurements  of 
Siggaard-Andersen.  Variations  in  the  measurement  of 
pH  that  are  usually  considered  minor  (e.g.,  0.003  pH 
units)  result  in  surprisingly  large  differences  in  the  final 
nomogram,  because  relatively  small  changes  in  the  slope 
of  nearly  parallel  lines  greatly  alter  their  point  of  inter¬ 
section.  Small  variations  in  pH  create  the  largest  changes 
in  the  nomogram  in  the  BE  range  of  +10  to  +25  meq/1, 
the  range  in  which  our  nomogram  differs  most  from  that 
of  Siggaard-Andersen. 
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ized  empirical  mathematical  equations  that  were  plotted 
by  computer.  Siggaard-Andersen  used  points  determined 
graphically  to  draw  curves  by  hand.  Although  we  have 
not  examined  systematically  the  differences  between  the 
two  techniques,  we  did  note  before  completion  of  the 
computer  programs  that  seemingly  small,  unimportant 
interpretive  differences  that  occurred  when  drawing 
curves  by  hand  through  the  original  data  created  rela¬ 
tively  large  differences  in  the  estimated  amount  required 
to  shift  the  “acid-or-base-added”  axis.  These  differences 
created  relatively  large  differences  in  the  alignment  nom¬ 
ogram. 

Another  difference  between  Siggaard- Andersen’s  nom¬ 
ogram  and  our  own  is  the  temperature  at  which  tonom¬ 
etry  and  measurement  of  pH  were  performed.  Siggaard- 
Andersen’s  experiments  were  performed  at  38°C;  ours 
were  performed  at  38.8° C  (normal  body  temperature  for 
swine).  Siggaard-Andersen  correctly  stated  that  mea¬ 
surements  performed  at  temperatures  within  ±  2°C  of 
38°C  (the  standard  temperature  of  his  nomogram)  are 
“without  any  practically  significant  error”  (20).  We  tem¬ 
perature  corrected  some  of  our  pH  and  Pco_.  data  from 
38.8  to  38.0°C  and  then  estimated  BE  from  our  nomo¬ 
gram.  All  estimates  were  within  ±0.1  mmol/l  of  the  true 
value.  Similarly,  using  established  data  for  pK'  .solubility 
of  COo  in  plasma  (14),  we  determined  that  change  in 
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ABSTRACT 

If  further  sympathetic  stimulation  is  neither  possible  nor  desirable  during 
moderate  hypovolemia,  anesthetic  agents  capable  of  sympathetic  stimulation  would  not 
be  advantageous  for  induction  of  anesthesia  during  hypovolemia.  To  test  this  hy¬ 
pothesis,  21  swine  were  studied  during  normovolemia  and  after  30%  of  their  estimated 
blood  volume  was  removed.  Swine  were  randomly  divided  into  three  equal  groups  to  re¬ 
ceive  no  anesthetic  or  the  minimal  anesthetic  dose  of  ketamine  (6.65  +  0.38  mg/kg, 
iv)  or  thiopental  (5.77  +  0.21  mg/kg,  iv).  After  the  initial  response  to  hypo¬ 
volemia,  animals  given  no  drug  did  not  exhibit  further  changes  during  the  hypovolemic 
period.  Five  minutes  after  induction  of  anesthesia  in  the  hypovolemic  state,  ketam¬ 
ine  but  not  thiopental  caused  large  increases  in  plasma  epinephrine,  norepinephrine, 
and  renin  activity.  Despite  these  differences,  both  anesthetics  equally  depressed 
systemic  vascular  resistance,  mean  systemic  arterial  blbod  pressure,  heart  rate,  and 
cardiac  output.  Ketamine,  but  not  thiopental,  decreased  stroke  volume.  Neither 
anesthetic  affected  oxygen  consumption.  Both  anesthetics  caused  similar  increases  in 
blood  lactate  concentration.  Thirty  minutes  after  induction  of  anesthesia,  plasma 
epinephrine,  norepinephrine,  and  renin  activity  remained  higher  in  animals  given 
ketamine  than  in  those  given  thiopental.  Stroke  volume,  systemic  vascular  resis¬ 
tance,  cardiac  output  and  oxygen  consumption  did  not  differ  among  groups;  however, 
only  the  animals  given  ketamine  showed  further  increase  in  blood  lactate  concentra¬ 
tion  and  base-def ic i t .  Thirty  minutes  after  infusion  of  shed  blood,  cardiac  output 
and  blood  lactate  concentration  were  greater  in  the  animals  given  ketamine  than  in 
those  given  thiopental  or  no  anesthetic.  Ninety  minutes  after  infusion  of  shed 
blood,  no  differences  existed  among  groups.  We  conclude  that  after  moderate  hemor¬ 
rhage,  further  increase  in  circulating  catecholamines  is  possible,  but  that  the  lev¬ 
els  achieved  either  exceed  the  maximal  effective  concentration  at  site(s)  of  action 
or  their  effects  are  overwhelmed  by  the  depressant  effects  of  ketamine.  This  study 
failed  to  document  any  advantage  of  ketamine  over  thiopental  when  used  in  the  minimal 
anesthetic  dosage  for  induction  of  anesthesia  during  hypovolemia. 
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INTRODUCTION 


Although  hypovolemia  is  usually  corrected  before  induction  of  anesthesia, 
some  conditions  may  not  permit  restoration  of  blood  volume  before  surgical 
intervention.  Thus,  it  is  occasionally  necessary  to  induce  anesthesia  in  a 
hypovolemic  patient. 

Compensation  for  hemorrhage  is  complex;  important  mechanisms  include 
stimulation  of  baroreceptors  and  sympathetic  and  renin-angiotensin  systems, 
and  increases  in  heart  rate  and  systemic  vascular  resistance.  It  is  not  known 
to  what  extent  anesthetics  modify  these  mechanisms  during  a  stimulated  state 
of  compensation  for  blood  loss.  Because  of  its  pressor  action,  cyclopropane 
was  once  the  recommended  anesthetic  agent  for  hypovolemic  patients.  However, 
laboratory  studies  subsequently  demonstrated  poorer  survival  rates  for  animals 


bled  while  anesthetized  with  cyclopropane  than  while  anesthetized  with  other 
drugs. ^  Ketamine,  like  cyclopropane,  has  been  advocated  for  use  during 
hypovolemia^"  because  of  the  hypertension  and  tachycardia  produced  in 


normovolemic  animals  and  humans 


Studies  of  animals  bled  during  ketamine 


anesthesia  produced  differing  interpretations  as  to  the  usefulness  of  this 

8-11 

drug  during  hypovolemia.  Likewise,  the  use  of  thiopental  for  induction  of 

12 

anesthesia  during  hypovolemia  is  controversial. 


Neither  ketamine  nor  thiopental  has  been  studied  in  a  controlled  fashion 

for  induction  of  anesthesia  during  hypovolemia.  The  single  laboratory  reports 

13  14 

of  administration  of  ketamine  or  thiopental  to  hypovolemic  dogs  are 
insufficiently  described  and  without  adequate  controls.  We  conducted  this 
study  to  examine  the  influence  of  anesthetic  agents  on  compensatory  mechanisms 
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to  hemorrhage  in  awake  animals,  and  to  test  our  previously  stated  hypothesis 
that  sympathetic  stimulation  may  be  neither  possible  nor  beneficial  during 
induction  of  anesthesia  in  hypovolemic  subjects. 
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METHODS  AND  MATERIALS 

We  briefly  anesthetized  21  young  swine  (Chester-Whi te-Yorkshire 
crossbreed;  weight  20.0  +  0.25  kg,  mean  +  SE)  with  halothane  in  oxygen  and 
nitrogen,  which  was  adjusted  to  maintain  arterial  oxygen  tension  af  150-200 
mmHg).  The  animals  were  paralyzed  with  succinylcholine,  2  mg/kg  iv  (later 
followed  by  administration  of  metocurine,  0.2  mg/kg  iv,  which  was  supplemented 
as  required).  The  trachea  was  intubated,  and  the  animal  ventilated  (tidal 
volume,  20  raL/kg;  frequency  was  adjusted  to  maintain  P  CO.  at  39.9  +  0.2 
mmHg).  After  local  infiltration  with  0.25%  bupivacaine,  catheters  were  placed 
through  the  superficial  femoral  artery  into  the  abdominal  aorta  and 
percu taneous ly  through  the  innominate  vein  into  the  pulmonary  artery. 

Halothane  was  then  discontinued  and  eliminated  by  ventilation  until  its 
end-tidal  concentration,  as  measured  by  mass  spectroscopy  (Perkin  Elmer  Model 
MGA  IIOOAB),  fell  to  less  than  0.5  mmHg  (0.05  MAC).  We  waited  an  additional 
30  min  before  beginning  our  studies.  The  animals  remained  intubated  and 
mechanically  ventilated. 

Systemic  arterial,  pulmonary  arterial,  and  right  atrial  pressures  were 
transduced  (Statham  23Db),  and  mean  pressures  derived  electrically  by  a  Gould 
preamplifier.  Cardiac  output  was  estimated  using  a  thermodilution  technique 
(3  ml,  0°  C,  0.9%  NaCl),  a  thermistor-tipped  5-Fr  pulmonary  arterial  catheter 
(Edwards  Laboratories)  and  an  analog  computer  (Edwards  Model  9520A).  The 
temperature  of  the  injectate  was  measured  continuously.  Cardiac  output  was 
measured  until  two  successive  values  produced  satisfactory  logarithmic  washout 
curves  and  differed  by  no  more  than  0.2  I/min.  We  continuously  measured 
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partial  pressures  of  oxygen,  carbon  dioxide,  and  halothane  at  the  orifice  of 
the  endotracheal  tube  using  mass  spectroscopy.  These  physiologic  variables 
were  recorded  by  a  Gould  polygraph  (Model  2800).  Temperature,  measured  in 
pulmonary  arterial  blood,  was  maintained  within  0.5°  C  of  its  initial  value 
using  circulating  water  heating  pads. 

We  calculated  systemic  vascular  resistance  (SVR)  as  the  difference 
between  mean  systemic  arterial  (BPa)  and  right  atrial  pressures,  divided  by 
cardiac  output.  Pulmonary  vascular  resistance  was  calculated  as  the 
difference  between  mean  pulmonary  arterial  and  pulmonary  arterial  wedge 
pressures,  divided  by  cardiac  output. 

During  each  experimental  condition,  we  used  Radiometer  electrodes  in 
steel-and-glass  cuvets  to  determine  partial  pressures  of  oxygen  and  carbon 
dioxide,  and  a  Severinghaus-UC  electrode  to  measure  pH,  in  both  systemic  and 
pulmonary  arterial  blood.  All  electrodes  were  maintained  at  37°  C. 

Calibrating  gases  and  buffers  were  measured  before  and  after  each  blood  sample 
reading;  the  measurements  were  corrected  for  electrode  drift,  liquid-gas 
factor,  and  body  temperature.  Oxygen  concentrations  in  systemic  and  pulmonary 
arterial  blood  were  measured  in  duplicate  by  a  galvanic  cell  instrument  (Lex- 
02-Con-TL,  Lexington  Instruments).  We  calculated  oxygen  consumption  as  the 
product  of  cardiac  output  and  the  difference  between  arterial  and  mixed  venous 
oxygen  concentrations.  Base-excess  was  estimated  using  a  nomogram  for  swine 
blood. 

During  each  experimental  condition,  arterial  blood  samples  were  obtained 
for  enzymatic  measurement  of  whole-blood  lactate  concentrations^^  and  plasma 
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epinephrine  and  norepinephrine  concentrations,  and  for  radioimmunoassay  of 

18 

plasma  renin  activity 

All  of  these  measurements  and  calculations  were  made  while  animals  were 

normovolemic.  Then  33%  of  each  animal's  blood  volume  (estimated  using 

19 

equations  developed  by  Engelhard t  )  was  removed  through  the  arterial  cannula 
during  a  30-min  period.  An  additional  30  min  was  allowed  before  measurements 
were  made  for  this  hypovolemic  state.  Each  animal  was  randomly  assigned  to 
receive  ketamine  (Group  K),  thiopental  (Group  T),  or  no  anesthetic  (Group  C). 
In  all  other  respects,  animals  were  treated  similarly. 

We  determined  the  appropriate  dose  of  drug  for  each  animal  as  follows. 
Forty-eight  to  seventy- two  hours  before  the  day  of  experiment,  a  cannula  was 
inserted  into  an  ear  vein  of  each  (unmedicated)  swine.  Thiopental  or 
ketamine,  6  mg/kg  iv,  was  given  rapidly,  followed  by  repeated  iv  injections  of 
2  mg/kg  every  15-20  s  until  the  animal  no  longer  responded  to  a  painful  ear 
stimulus.  On  the  day  of  experiment,  one-half  this  dosage  was  administered  as 
a  single  bolus.  In  a  separate  set  of  subsequent  experiments  on  swine,  using 
eight  littermates,  we  established  that  30%  hypovolemia  reduces  the  anesthetic 
requirement  by  approximately  33%  for  thiopental  and  approximately  40%  for 
ketamine.  (Weiskopf  RB  and  Bogetz  MS,  unpublished  data).  These  reductions 
did  not  differ  significantly  from  each  other.  Group  K  received  ketamine,  6.65 
+  0.38  mg/kg;  and  Group  T,  thiopental,  5.77  +  0.21  mg/kg. 

All  measurements  were  repeated  5  and  30  min  after  induction  of 
anesthesia.  Shed  blood  was  then  returned  to  the  animal  and  measurements  were 
repeated  30  and  90  min  later. 
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For  each  experimental  condition,  results  among  groups  were  compared  using 

analysis  of  variance  with  repeated  measures  and  the  Newman-Keuls  method  of 

20 

multiple  comparisons.  Statistical  significance  was  accepted  when  P  <  0.05. 
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RESULTS 

Hemorrhage  (Table  1) 

Right-  and  left-sided  cardiac  filling  pressures  decreased.  Plasma 
renin  activity,  plasma  concentrations  of  epinephrine  and  norepinephrine,  heart 
rate,  and  systemic  vascular  resistance  increased.  However,  these  responses 
did  not  sustain  stroke  volume,  cardiac  output,  or  mean  systemic  arterial  blood 
pressure.  Oxygen  consumption  increased;  and  a  decrease  in  base-excess  and  an 
increase  in  whole-blood  lactate  concentration' indicated  the  development  of 
systemic  acidosis. 

Induction  of  Anesthesia  with  Ketamine  or  Thiopental,  and  Comparable  Period 
in  Non-anesthetized  Animals  (Table  2). 

Control  Animals;  After  the  initial  changes  caused  by  hemorrhage,  no 
variable  further  changed  in  control  animals  during  the  hypovolemic  period. 

Five  Minutes  after  Induction  of  Anesthesia;  Five  minutes  after 
administration  of  ketamine  (P  <  O.05),  but  not  thiopental  (P  >  0.05),  plasma 
epinephrine,  norepinephrine,  and  renin  activity  had  increased.  Despite  these 
differences  in  circulating  vasoactive  agents,  ketamine  and  thiopental  produced 
similar  changes  in  compensatory  cardiovascular  responses  to  hemorrhage. 
Systemic  vascular  resistance  was  less  in  Groups  K  and  T  than  in  Group  C. 
Neither  agent  changed  right-  or  left-sided  cardiac  filling  pressures. 


Although  ketamine  and  thiopental  significantly  decreased  heart  rate,  the 
resulting  rates  did  not  differ  significantly  from  the  rate  for  Group  C. 
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Although  only  ketamine  decreased  stroke  volume  (0.95+0.12  to  0.70+0.10  al/kg, 
P<0.005),  the  resulting  values  did  not  differ  among  groups.  Cardiac  output 
decreased  similarly  in  Groups  K  and  T  to  values  less  than  that  for  Group  C. 

As  a  result,  mean  systemic  blood  pressures  did  not  differ  between  Groups  K  and 
T;  however,  both  groups  had  pressures  that  were  less  than  those  for  Group  C. 
Oxygen  consumption  did  not  differ  among  the  groups,  but  whole-blood  lactate 
concentrations  increased  similarly  in  Groups  K  and  T. 

Thirty  Minutes  after  Induction;  Thirty  minutes  after  induction,  most 
values  had  recovered  towards  preanesthetic  levels  during  hypovolemia;  however, 
significant  differences  remained.  Plasma  epinephrine  concentration  was  still 
greater  in  Group  K  than  in  Groups  C  and  T  (which  were  not  different  from  each 
other).  Although  plasma  norepinephrine  concentration  was  greater  in  Group  K 
than  in  Group  T,  these  two  groups  did  not  differ  from  Group  C.  Plasma  renin 
activity  was  greater  in  Group  K  than  in  Group  T,  but  the  activity  in  these 

groups  was  not  different  from  Group  C.  For  Groups  K  and  T,  SVR  did  not  differ 

from  each  other,  but  was  less  than  that  for  Group  C. 

Right-  and  left-sided  cardiac  filling  pressures  and  heart  rate  remained 

similar,  and  cardiac  output  no  longer  differed  among  groups.  Also,  the 
resultant  mean  systemic  arterial  pressure  was  similar  for  Groups  T  and  K;  both 
were  less  than  that  for  Group  C. 

Oxygen  consumption  did  not  differ  among  groups,  but  whole-blood  lactate 
concentration  continued  to  increase  and  base-excess  continued  to  decrease 


i 


significantly  only  in  Group  K  (P  <  0.05). 
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Return. of  Shed  Blood;  Thirty  minutes  after  return  of  shed  blood,  cardiac 
output  was  greater  in  Group  K  than  in  Groups  C  or  T.  Blood  lactate  was  still 
greater  in  Group  K  than  in  either  Group  T  or  C.  There  were  no  other 
significant  differences  among  groups. 

Ninety  minutes  after  return  of  shed  blood,  there  were  no  significant 
differences  among  groups  for  any  variable. 

All  animals  survived  24  h,  at  which  time  they  were  killed. 
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DISCUSSION 

The  cardiovascular  effects  produced  by  induction  of  anesthesia  with 
ketamine  during  hypovolemia  differ  from  those  seen  during  normovolemia.  Heart 
rate,  mean  systemic  blood  pressure,  and  cardiac  output  increase  when  ketamine 
is  administered  to  normovolemic  animals^  or  man^*^.  In  contrast,  these 
variables  decrease  during  hypovolemia.  In  our  study  ketamine  and  thiopental 
produced  identical  cardiovascular  changes  initially.  Although  these  two 
anesthetics  affected  plasma  catecholamine  concentrations  and  renin  activity 
differently,  both  caused  similar  deterioration  of  the  animal's  compensation 
for  hemorrhage,  and  decreased  SVR,  cardiac  output,  and  BPa.  Thirty  minutes 
after  induction,  hypovolemic  animals  who  had  received  ketamine  for  induction 
became  progressively  more  acidotic,  while  those  who  had  received  thiopental  or 
no  anesthetic  did  not. 

Administration  of  ketamine  further  increased  circulating  catecholamine 
concentrations  above  the  already  elevated  levels  caused  by  the  sympathetic 
response  to  hypovolemia.  Thus,  one  portion  of  our  hypothesis  was  not 
supported.  In  swine,  the  sympathetic  response  to  30^  hemorrhage  was  not 
maximal;  further  sympathetic  response  was  possible.  The  concomitant  increase 

in  plasma  renin  activity  after  administration  of  ketamine  may  be  a  function  of 

21  22  21 
increased  sympathetic  activity,  ’  other  circulating  substances,  or  a 

separate  action  of  ketamine.  The  progressive  lactic  acidosis  30  min  after 

induction,  seen  only  in  the  ketamine  group,  may  be  a  result  of  increased 

oxygen  demand  caused  by  increased  sympathetic  activity  without  concomitantly 


increased  blood  flow,  or  decreased  hepatic  uptake  of  lactate,  or  both. 
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In  intact  experimental  animals,  it  is  not  certain  which  measure  best 

reflects  inadequacy  of  tissue  perfusion.  Huckabee  proposed  blood  "excess 

23 

lactate"  as  a  measure  ,  but  later  Cain  demonstrated  blood  lactate 
concentration  to  be  at  least  as  good'^  ,  if  not  a  better  measure'^  of  oxygen 
deficit.  Previously,  we  have  shown  in  asplenic  dogs,  bled  while  anesthetized, 
that  blood  lactate  concentration  and  base-deficit  developed  to  a  greater 
extent  when  they  were  anesthetized  with  ketamine  than  with  halothane, 

g 

enflurane,  or  isoflurane  .  Conversely,  Longnecker  _e£  have  reported  higher 
excess  lactate  in  rats  bled  while  anesthetized  with  halothane  than  similar 
rats  anesthetized  with  ketamine^^.  However,  we  have  calculated  that  those 
rats  anesthetized  with  ketamine  had  a  greater  base-deficit  (approximately  11 
mmol/1)  than  those  anesthetized  with  halothane  (approximately  2.5  mmol/1). 

In  these  experiments,  despite  the  increase  in  catecholamine 
concentrations  and  renin  activity,  SVR,  BPa,  and  cardiac  output  decreased. 

This  failure  of  massively  increased  levels  of  circulating  catecholamines  to 
maintain  BPa,  SVR,  and  cardiac  output  implies  that  ketamine  has  a  powerful 
opposing  depressant  effect,  or  that  the  maximal  response  to  stimulation  had 

been  achieved.  Ketamine  has  been  shown  to  be  a  direct  myocardial 

5  26“28  29 

depressant,  '  not  to  cause  contraction  of  rabbit  aortic  strips,  and  to 

29 

relax  phenylephrine-induced  contracted  rabbit  aortic  strips  .  Similarly, 
thiopental  depresses  the  myocardium^^  and  peripheral  vasculature.^^  In  our 
experiments,  both  anesthetics  decreased  SVR.  The  fall  in  stroke  volume  index 
at  a  time  when  left  ventricular  preload  increased,  seen  after  administration 
of  ketamine,  tends  to  indicate  myocardial  depression.  However,  since  heart 


rate,  afterload,  and  myocardial  compliance  were  not  controlled,  no  conclusion 
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can  be  drawn. 

Alternatively,  the  increase  in  circulating  catecholamines  in  the  animals 
given  ketamine  could  have  been  a  response  to  the  hypotension  produced  by  the 
drug.  This  would  imply  that  thiopental  blocked  a  similar  response.  Our 
experimental  data  can  not  differentiate  between  these  proposed  mechanisms. 
Nevertheless,  our  data  do  support  the  second  part  of  our  hypothesis:  that 
further  sympathetic  stimulation  during  induction  of  anesthesia  during 
hypovolemia  is  not  beneficial. 

Several  aspects  of  our  methodology  should  be  discussed.  Our  animals  were 

not  "trained";  therefore,  data  obtained  in  the  absence  of  anesthesia,  with  the 

animals'  tracheas  intubated  and  the  animals  mechanically  ventilated,  may  not 

be  equivalent  to  data  for  "resting"  animals.  Nevertheless,  cardiovascular 

data  we  obtained  for  the  unmedicated,  normovolemic  state  fall  within  the  range 

19  32-39 

of  values  reported  by  other  investigators.  ’  Furthermore,  hypovolemic 

and/or  traumatized  humans  are  not  in  a  "resting"  state.  The  few  limited 

reports  of  hemorrhage  in  unmedicated  swine  have  shown  an  arterial  blood 

32  34  ** 

pressure  response  similar  to  that  of  our  animals.  ’  ’  Because  detailed 

cardiovascular  response  of  unmedicated  swine  to  hemorrhage  has  not  been 
reported,  we  cannot  compare  some  of  our  results  with  those  of  other 

**Hannon  JP,  Jennings  PB,  Dixon  RS:  Physiologic  aspects  of  porcine  hemor¬ 
rhage.  III.  Heart  rate  and  arterial  pressure  changes  during  spontaneous 
recovery  from  30  and  50  percent  blood  volume  loss  in  the  conscious  animal. 
Institute  report  no.  95,  Letterman  Army  Institute  of  Research,  Presidio  of  San 


Francisco,  California. 
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inves  tiga  tors . 

Hemorrhage  produced  changes  similar  to  those  we  have  observed  in  a  larger 

group  of  similar  swine  (Ueiskopf  RB,  Bogetz  MS:  unpublished  data).  All 

cardiovascular  and  metabolic  responses  to  hemorrhage  in  our  swine  are 

consistent  with  what  is  known  for  man.  Although  the  dog  has  been  the  species 

most  frequently  used  to  study  hemorrhage,  its  response  and  that  of  the  rat 

40  41 

differ  in  important  ways  from  that  of  man.  *  In  these  species,  contraction 

of  the  hepatic  sphincter  causes  splanchnic  engorgement  and  a  number  of 

40  41 

sequelae  not  seen  in  man.  ’  The  response  of  the  gastrointestinal  tract  of 

42 

swine  in  shock  resembles  that  of  man. 

Because  we  did  not  conduct  a  dose-response  study,  we  cannot  address  the 

question  of  whether  other  doses  of  ketamine  or  thiopental  could  have  produced 

different  effects  during  hypovolemia.  However,  the  minimal  anesthetic  dose 

required  during  normovolemia  was  determined  for  both  agents  and  individually 

for  each  animal.  This  dose  was  then  reduced  by  half,  which  is  in  close 

agreement  with  our  subsequent  findings  that  hypovolemia  similarly  reduces  the 

anesthetic  requirement  for  thiopental  and  ketamine.  Smaller  doses  would  not 

have  been  anesthetic,  and  other  cardiovascular  responses  could  have  occurred. 

Our  data  do  not  demonstrate  a  beneficial  effect  from  using  ketamine 

during  hypovolemia.  Studies  reporting  satisfactory  use  of  ketamine  for 

patients  in  "hemorrhagic  shock"  have  had  some  shortcomings;  the  concomitant 

use  of  other  drugs;  and/or  the  failure  to  substantiate  major  blood  volume 

deficit,  to  indicate  the  dose  of  ketamine  administered,  or  to  document 

2-4 

cardiovascular  responses  at  specific  time  intervals.  The  literature 


concerning  the  use  of  thiopental  for  induction  of  anesthesia  during 


KETAMINE  OR  THIOPENTAL  INDUCTION  DURING  HYPOVOLEMIA 


18 


12 

hypovolemia . is  also  anecdotal. 

Our  data  indicate  that  moderate  hypovolemia  does  not  produce  a  maximal 
increase  in  circulating  catecholamines.  Administration  of  ketamine,  but  not 
thiopental,  causes  a  further  increase.  However,  the  increased  plasma 
concentrations  do  not  further  stimulate  the  circulation,  either  because  they 
are  above  the  maximal  possible  ef f ective 'concentra tions ,  or  because  their 
effect  is  overwhelmed  by  the  depressant  qualities  of  ketamine,  or  both. 
Administering  ketamine  for  induction  of  anesthesia  during  hypovolemia  did  not 
offer  any  advantages  over  thiopental  when  both  were  used  at  the  minimal 
anesthetic  dose.  The  clinician  should  note  that  an  anesthetic  agent  is  not  a 
substitute  for  adequate  restoration  of  blood  volume  and  venous  return;  and 
when  an  anesthetic  must  be  administered  during  significant  hypovolemia, 
cardiovascular  depression  should  be  expected. 
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Table  1.  Response  of  Swine  to  30$  Blood  Loss 


Mean  right  atrial  pressure  (mmHg) 

PWP  (mmHg) 

Plasma  renin  activity  (ng*ml  ^ -h"^) 
Plasma  epinephrine  (pg/ml) 

Plasma  norepinephrine  (pg/ml) 

Heart  rate  (beats/min) 

Stroke  volume  (ml/kg) 

Cardiac  output  (ml ’min  ^-kg  S 
BPa  (mmHg) 

PAP  (mmHg) 

Oxygen  consumption  (ml  Q2-rain  ^’kg  ^) 
Base  excess  (mraol/1) 

Blood  lactate  (mmol/1) 

SVR  (mmHg -l"^ -min) 

PVR  (mmHg.l  ^.min) 


Normovolemic 

Hypovolemic 

P 

1.3 

+ 

0.4 

-0.6 

+ 

0.3 

<0.001 

2.8 

+ 

0.2 

0.2 

+ 

0.3 

<0.001 

2.8 

+ 

0.5 

8.2 

+ 

1.7 

<0.005 

215 

± 

21 

776 

+ 

157 

<0.005 

216 

30 

347 

+ 

66 

<0.02 

102 

±- 

5 

145 

+ 

11 

<0.001 

1.77 

+ 

0.07 

0.88 

+ 

0.08 

<0.001 

174 

5 

113 

6 

<0.001 

129 

± 

3 

100 

+ 

6 

<0.001 

13.4 

± 

0.5 

9.4 

0.5 

<0.001 

'7.27 

± 

0.26 

7.94 

± 

0.28 

<0.02 

5.7  ± 

0.6 

3.3 

+ 

0.6 

<0.01 

1.10 

+ 

0.13 

1.69 

± 

0.25 

<0.05 

37.3 

+ 

1.1 

45.2 

2.3 

<0.005 

3.05 

+ 

0.14 

4.18 

± 

0.21 

<0.001 

Values  are  means  +  SE;  n  =  21. 

PWP,  pulmonary  arterial  wedge  pressure;  BPa,  mean  systemic  arterial  blood 
pressure;  PAP,  mean  pulmonary  arterial  blood  pressure;  SVR,  systemic  vascular 
resistance;  and  PVR,  pulmonary  vascular  resistance. 
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Table  2.  Response  of  Swine  to  Induction  of  Anestheai 


5  min 

after 

induction 

No 

Statist . 

anesthetic 

Ketamine 

Thiopental 

Interpret 

RAP  (mmHg) 

-0.3 

•  0.8 

-1.2 

- 

0.7 

0.2 

t  0.2 

ns 

PWP  (mmHg) 

0.0 

-  0.4 

0.  1 

♦ 

0.6 

1.9 

‘  1.0 

ns 

,  -  1 

Renin  activity  (nv.  ■:  ! 

P.'S  6.8 

•  2.3 

28.7 

- 

5.2 

8.9 

t  4.3 

K>T,C 

Epinephrine  (pg/ml) 

285 

•  70 

2657 

♦ 

987 

690 

*  310 

K>T,C 

Norepinephrine  (pg/ml) 

209 

♦  62 

660 

♦ 

220 

287 

'  170 

K>T,C 

Heart  rate  (beats/min) 

162 

•  24 

113 

• 

1 1 

116 

t  19 

ns 

Stroke  volume  (ml/kg) 

0.79 

:  0.  n 

0.76 

• 

0.  10 

0.74 

t  0.  14 

ns 

Cardiac  output  * 

•k4"Sl17.9 

^  8.9 

76.9 

• 

5.  1 

74.0 

t  5.9 

C>K,T 

BPa  (mmHg) 

97.2 

•  9.4 

41.4 

! 

3.5 

52. 1 

,•  7.8 

C>T,K 

PAP  (mmHg) 

8.5 

•  0.7 

6.7 

4 

0.8 

3.1 

t  0.6 

ns 

Vq2  1-1  •  :  i  i  ii  *  .  k;4  ^ ) 

7.84 

•  0.55 

6.91 

4 

0.44 

6.80 

‘  0.32 

ns 

Kli'ii'i  IrUt.ite  (mraol/l) 

1.43 

t  0.37 

2.78 

t 

0.39 

2.12 

1  0.37 

Tt'c 

SVR  I'-li.-l  ^-min) 

42.3 

‘  4.9 

29.4 

•4- 

2.9 

33.3 

1  3.5 

C>T,K 

PVR  1  '-.’lin) 

3.67 

i  0.25 

4.82 

4- 

0.38 

3.91 

t  0.93 

ne 

.‘BE  (mcol/l) 

0.4 

P  0.5 

-0.6 

•4 

0.5 

-0. 1 

t  0.5 

ns 

.'Lac  (mmol/1) 

-0.01 

1  0.06 

0.55 

0.23 

0.65 

*  0.24 

c<k,t 

\  , 

.  v'. 

ne  to  Induction  of  Anesthesia  during  30%  Hypovolemia 

"duction  30  min  after  induction 


1 

1 

Statist . 

No 

Statist . 

1 

J  rr.ioper.tal 

k 

interpret . 

anesthetic 

Ketamine 

Thiopental 

interpret 

j  0.2  ♦  0.2 

ns 

-0.4  * 

0.7 

-1.4  ? 

0.5 

0.4  1 

0.4 

ns 

'  •  *  1  *  U 

ns 

0.2  • 

0.4 

0.4  t 

0.6 

0.9  J 

0.4 

ns 

> 

■].Q  ■  U .  j 

K>T,C 

8.0  1 

2.6 

17.7  • 

4.6 

5.3  * 

2.2 

*T  c  T 

I  i-O  •  310 

K>T,C 

534  * 

246 

2139  ^ 

1612 

453  7. 

142 

K>C,T 

'  z7  ■  UO 

■ 

K>T,C 

459  ♦ 

132 

593  i 

367 

191  * 

101 

T  cT 

!  :  ^  1 9 

ns 

164  ♦ 

23 

121  * 

12 

121  1 

18 

ns 

1  .  •  0.  1U 

ns 

0.84  t 

0. 13 

1.01  * 

0.07 

0.86  i 

0.09 

ns 

-.0  •  5.9 

C>K,T 

123.5  i 

7.6 

112.9  7 

9.0 

100.8  7 

5.5 

ns 

-.1  •  7.S 

C>T,K 

107.5  i 

7.4 

79.7  7 

9.1 

77.3  7 

10.9 

C>T,K 

1 

ns 

9.9  • 

1.0 

8.3  7 

1.0 

9.6  • 

13 

ns 

o 

o 

ns 

^.33  ♦ 

0.33 

7.40  7 

0.70 

7.18  7 

0.26 

ns 

.  12  •  37 

ir  T  ^ 

1.42  * 

0.58 

3.31  1 

0.45 

2.11  7 

0.36 

K>T,C 

,  "  •  s 

OT.K 

45.2  * 

5.0 

36.3  7 

4.6 

36.6  * 

3.9 

-  C>T,K 

.  91  •  0. 93 

ns 

4.J5  • 

0.55 

3.57  ‘ 

0.30 

4.26  ^ 

0.40 

ns 

.  *!  •  ^ 

ns 

0.2  • 

0.5 

-1.5  • 

0.7 

0.  1  • 

0.6 

C,T>K 

.tb  • 

C^v.T 

n.co  • 

0.04 

0.53  ‘ 

0.17 

-0.01  •: 

0.16 

T,C<K 

u 

1 

i 

[  , . 

.ivvvs:  14 

-J. 

-  '  .  .  .  .  .,N  . 
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Table  2  (continued) — Footnotes:  I 

I 

Values  are  means  *  SE;  n  =  7  per  group.  ! 

Group  C,  no  .iiics  tiu' C  ic ;  t.'r.^up  K,  kct.ii.ii  no ;  Group  T,  thiopental. 

RAP,  mean  right  atrial  pressure;  PWP,  pulmonary  arterial  wedge  pressure;  BPa,  . 

pulmonary  arterial  blood  pressure;  Vq^,  oxygen  consumption;  SVR,  systemic  vascular  , 

I 

tBE,  change  in  base  excess  from  previous  state;  ILac,  change  in  blood  lactate  conceJ 
7  C 'T  means  that  K  is  not  statistically  different  from  C,  nor  is  C  dirf'^srsnt  t 


T  ,  t  h  i  opi-  n  i  a  1  . 

arterial  wedge  pressure;  BPa,  mean  systemic  arterial  blood  pressure;  PAP|  mean 
ption;  SVR,  systemic  vascular  resistance;  PVR,  pulmonary  vascular  resistance; 

change  in  blood  lactate  concentration  from  previous  state. 
l  from  C,  nor  is  C  different  from  T,  but  that  K  is  statistically  different  from  T 
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12.  Addenda 


A.  froblems 

During  the  contract  year  the  following  problems  were  encountered: 

1.  At  different  times,  both  SRA's  (technicians)  were  hospitalized  for 
unanticipated  surgery;  one  was  out  for  three  weeks,  the  other  for  two  months. 
During  these  periods  the  pace  of  research  was  slowed. 

2.  Overall  progression  of  contract  goals  was  slower  tlian  anticipated 
because  of  the  need  to  conduct  unanticipated  studies  for  the  purpose  of  scien¬ 
tific  validation. 

3.  The  mass  spectrometer  required  repair  (total  down-time  of  three 
weeks)  by  the  manufacturer  (Perkin-Elmer)  and  by  the  manufacturer  of  the 
vacuum  pump  (Edwards  hi-vacuum).  During  this  period  it  was  not  possible  to 
conduct  research. 

k.  The  continuing  problems  we  had  with  obtaining  animals  of  con¬ 
sistent  strain  and  size  at  a  time  when  they  were  needed,  came  to  a  head  during 
this  past.^ear.  As  a  result,  we  were  forced  to  seek  a  new  vendor.  Although 
the  University  provided  us  absolutely  no  help  in  this  regard  (and  in  fact  the 
attitude  at  the  Physiologica 1  Research  Facility  here  at  SFGh  was  one  of 
obstructionism)  with  the  help  of  the  supply  section  at  LAIR,  we  were  able  to 
locate  a  satisfactory  vendor.  Cost  of  the  animals  from  the  new  vendor  is 
similar  to  that  which  we  were  paying  previo’jsly.  The  animals  appear  to  be 
healthy,  and  of  better  temperament.  Since  this  vendor  is  of  some  distance 
from  San  Francisco  and  delivery  charges  are  added  to  all  deliveries,  we  have 
attempted  to  buy  swine  in  larger  numbers  for  each  delivery.  This  has  added  to 
our  per  diem  costs.  Iherc  was  a  period  of  transition  between  the  two  vendors 
where  the  flow  of  animals  did  not  meet  our  needs. 


The  following  manuscripts  and  abstracts  in  preparation,  follow. 


1.  Weiskopf  RB,  Bogetz  MS:  Hemorrhage  reduces  anesthetic  requirement  for 
ketamine  and  thiopental  in  swine 

2.  Weiskopf  RB,  Bogetz  MS,  Roizen  MF:  Nitrous  oxide  and  halothane  cause 
decreased  cardiac  output  and  lactic  acidosis  during  hemorrhage 

3.  Bogetz  MS,  Weiskopf  RB:  Induction  of  anesthesia  in  swine  during  hypo¬ 
volemia:  comparison  of  halothane,  enflurane,  and  isoflurane 


Hemorrhage  Reduces  Anesthetic  Requirement 
for  Ketamine  and  Thiopental  in  Swine 

Richard  B.  Weiskopf,  M.D.*  and  Martin  S.  Bogetz,  M.D.' 

*  Associate  Professor 
~  Assistant  Professor 

Department  of  Anesthesia,  University  of  California,  San  Francisco,  and 
San  Francisco  General  Hospital,  San  Francisco,  California  94110.  Supported  in 
part  by  U.S.  Army  Medical  Research  and  Development  Command,  contract  //DAMD- 
17-80-C-0153. 

'c. 

Address  reprint  requests  to  Dr.  Weiskopf,  Department  of  Anesthesia,  San 
Francisco  General  Hospital,  Room  3S50,  1001  Potrero  Avenue,  San  Francisco,  CA 


HEMORRHAGE  REDUCES  ANESTHETIC  REQUIREMENT 


(Key  words:  Anesthetics,  intravenous:  ketamine, 
Hemorrhage . ) 


thiopental.  Blood,  loss 


HEMORRHAGE  REDUCES  ANESTHETIC  REQUIREMENT 


4 


ABSTRACT 


The  effects  of  moderate  hypovolemia  on  the  ansthetic  requirements  of 
ketamine  and  thiopental  were  evaluated  in  eight  swine  littermates  during 
normovolemia  and  after  30%  blood  loss.  Four  animals  received  ketamine  and 
four  thiopental;  and  the  minimal  anesthetic  doses  of  both  drugs  were 
determined.  Each  animal  was  studied  on  eight  occasions.  Moderate  hypovolemia 
was  found  to  decrease  the  anesthetic  requirement  of  ketamine  and  thiopental 
significantly  and  similarly  (thiopental,  33  +  5%;  ketamine  40  +  5%). 
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INTRODUCTION 


When  anesthesia  must  be  induced  in  a  hypovolemic  patient,  a  reduced  dose 

of  anesthetic  agent  is  frequently  used  in  an  attempt  to  minimize  adverse 

cardiovascular  effects  of  the  Induction  agent.  It  is  not  clear,  however, 

whether  the  reduced  dose  produces  anesthesia.  Recently,  Bogetz  and  Katz^ 

described  recall  of  awareness  during  surgery,  by  major  trauma  victims  who  were 

given  a  small  dose  or  no  anesthetic  for  "induction  of  anesthesia."  Eger  et 
2 

al,  in  three  dogs,  found  that  hemorrhage  sufficient  to  reduce  diastolic  blood 
pressure  by  one-half  to  two-thirds  decreased  the  minimal  alveolar  anesthetic 
concentration  (MAC)  of  halothane  by  20%.  Such  a  decrease  in  MAC  might  be  a 
consequence  of  impaired  brain  oxygenation  resulting  from  decreased  oxygen 
delivery.  However,  MAC  also  has  been  shown  to  decrease  only  when  Pa02  is 

3 

below  40  torr;  and  during  severe  isovolemic  anemia,  only  when  arterial  oxygen 

o  4 

content  is  below  5  vol  %.  Other  studies  have  combined  use  of  other  drugs  with 
anesthetic  agents,  thus  making  unclear  the  effects  of  hemorrhage  or 
hypotension  alone  on  anesthetic  requirement.  Therefore,  we  investigated 
whether  hemorrhage  reduces  the  anesthetic  requirement  for  two  commonly  used 


Intravenous  induction  agents,  ketamine  and  thiopental. 
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METHODS 

Eight  swine  (Chester-White-Yorkshire  cross)  littermates  (mean  weight  + 

SE) ,  15.3  +  0.4  kg)  were  divided  into  four  pairs  on  the  basis  of  similarity  in 
weight.  One  of  each  pair  was  randomly  assigned  to  receive  thiopental  (group 
T)  or  ketamine  (group  K) .  All  animals 'were  in  good  health  for  each  study. 

Animals  were  anesthetized  four  times  while  normovolemic,  at  least  two 
days  separating  each  study.  Unmedicated  animals  were  placed  in  a  sling,  and  a 
cannula  was  inserted  into  an  ear  vein.  In  random  order,  on  four  separate 
occasions,  group  K  animals  were  given  ketamine  12.5,  15,  17.5,  or  20  mg/kg. 
Group  T  animals  were  given  thiopental  7.5,  10,  12.5,  or  15  mg/kg.  Eventually, 
each  animal  received  all  four  doses. 

Animals  were  anesthetized  four  times  while  hypovolemic,  one  week 

separating  each  study.  Unmedlcated  animals  were  anesthetized  briefly  with 

* 

halothanc  in  oxygen  and  nitrogen  wltlle  arterial  and  venous  cannulae  were 
inserted.  Arterial  blood  samples  were  obtained;  and  1*02,  PCO2,  and  pH 
measured  by  appropriate  electrodes.  Arterial  blood  pressure  was  transduced 
(Statham  Model  23Db)  and  recorded  (Gould  Model  2800  polygraph).  Halothane  was 
discontinued,  the  animal  allowed  to  awaken,  and  placed  in  a  sling.  Further 
experimentation  was  delayed  until  the  end-tidal  partial  pressure  of  halothane, 
as  measured  by  mass  spectroscopy,  fell  to  less  than  0.5  torr  (0.05  MAC).  To 
prevent  hypoxia  during  and  after  blood  loss,  animals  were  given  1-2  1/min 
oxygen  by  mask.  Each  animal  was  bled  by  30%  of  its  estimated  blood  volume^ 
over  a  30-min  period.  To  ensure  stability,  30  min  of  observation  followed. 
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In  random  order,  on  four  successive  weeks,  group  K  animals  received  one  of 
four  IV  doses  of  ketamine:  2.5,  5,  7.5,  or  10  rag/kg  IV;  group  T  animals 
received  thiopental,  5,  7.5,  10,  or  12.5  mg/kg  IV.  Eventually  each  animal 
again  received  all  four  doses. 

Following  the  administration  of  each  drug  in  either  the  normovolemic  or 
hypovolemic  state,  the  animal's  response  (i.e.,  movement  or  lack  of  movement) 
to  a  clamp  on  tiie  tail  was  determini-d.  Tail-clamp  tests  were  performed  10, 

20,  30,  45,  60,  90,  120,  180,  240,  and  300  sec.  after  drug  administration. 
These  responses  wert.  analyzed  statistically  -using  the  method  of  Waud.^  In 
addition,  the  maximum  dose  of  drug  wiiich  failed  to  prevent  movement  in  each 
individual  animal  and  tin-  minimum  dose  of  drug  which  prevented  the  animal  from 
moving  was  averaged  for  each  animal.  This  average  for  the  four  animals  in 
each  group  were  comf’ared  betw(>en  normovol  >.mic  and  hypovolemic  states  by  using 
student's  t-test.  Ditfereiices  between  the  two  states  were  compared  for  the 
two  drugs,  using  studi.-nt's  t-test. 


HEMCRRIUGE  REDUCES  ANESTHETIC  REQUIREMENT 


8 


RESULTS 

Hypovolemia  reduced  the  minimum  anesthetic  dose  for  both  thiopental  (P  < 
0.025)  and  ketamine  (P  <  0.01)  (Table  1).  These  reductions  (thiopental  33%  + 
5%;  ketamine,  40%  +  5%)  were  not  statistically  different  (P  >  0.2)  from  each 
other.  After  hemorrhage  and  before  drug  administration,  mean  (+  SE)  arterial 
blood  gas  values  were  as  follows:  PO^,  177.8  +  20.1  torr;  PCO^,  41.9  +  1.5 
torr;  and  pH,  7.323  +  0.11.  Mean  (^  SE)  arterial  blood  pressure  was  92+3 
torr  af ter  hemorrhage ,  69  +  9  torr  after  administration  of  ketamine,  and  68  + 
7  torr  after  administration  of  thiopental. 
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DISCUSSION 

Moderate  hemorrhage  (30/.  blood  loss)  produced  similar  reductions  in  the 
anesthetic  requirement  of  these  two  different  intravenous  anesthetic  agents. 

Many  variables  affect  the  amount  of  drug  required  to  produce  anesthesia.^ 
We  were  not  able  to  study  all,  or  even  most,  of  these  variables  because  of 
limitations  imposed  by  our  experimental  design,  which  was  selected  to  give  the 
best  answer  to  the  question  posed  (does  hypovolemia  reduce  anestlietic 
requirement  for  induction  agents,  and  if  so,  does  the  reduction  differ  for 
different  drugs?)  Consequently,  we  have  limited  physiological  information 
from  these  animals  to  complement  the  finding  of  reduced  anesthetic 
requirement . 

We  do  have,  however,  a  good  deal  of  information  about  21  other  swine 
whose  blood  volume  were  similarly  reduced  (Weiskopf  RB,  Bogetz  M,  Roizen  MF, 
Reid  I:  unpublished  data).  Variables  in  those  animals  were  measured  during 
normovolemia  and  after  30%  blood  loss.  Mean  values  (+  SE)  decreased  for 
arterial  blood  pressure  (from  129  +  3  torr  to  100  +  6  torr)  for  cardiac  output 
(from  17A  +  5  ml/min/kg  to  113  +  6  ml/min/kg),  and  for  base-excess  (from  5.7  + 
0.6  mnol/l  to  3.3  +  0.6  mmol/1);  and  increased  for  blood  lactate  concentration 
(from  1.10  +  0.13  mmol/1  to  1.69  +  0.25  mmol/1).  When  half  of  the  drug  dose 
which  produced  anesthesia  during  normovolemia  was  administered  to  these 
animals  during  hypovolemia,  further  reductions  occurred  in  cardiac  output  (to 
76.9  +  5.1  ml/min/kg  after  ketamine,  and  to  74.0  +  5.9  ml/min/kg  after 
thiopental),  and  in  mean  arterial  blood  pressure  (to  41.4  +  3.5  torr  after 
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ketamine,  .and  to  52.1  +  7.8  torr  after  thiopental),  and  in  base-excess.  Blood 
lactate  concentration  increased  even  further.  These  mean  arterial  blood 
pressures  are  just  below  the  level  at  which  autoregulation  is  able  to  maintain 
normal  cerebral  blood  flow.  Thus,  some  of  the  decreased  anesthetic 
requirement  seen  in  these  animals  could  have  been  a  result  of  decreased 
cerebral  blood  flow.  However,  the  animals  in  the  present  study  had  lesser 
decreases  in  blood  pressure.  Nor  did  they  exhibit  sufficient  acidosis, 
liypercarbia ,  or  decreased  calculated  oxygen  content  to  account  for  a  reduction 
of  anesthetic  requirement  during  hypovolemia. 

We  did  not  measure  cerebral  blood  flow,  and  thus,  cannot  relate  it  to 

anesthetic  requirement  of  these  agents.  However,  since  specific  anesthetic 

site(s)  of  action  are  not  known,  knowledge  of  global  cerebral  blood  flow  would 

be  of  limited  value.  Knowledge  of  regional  or  microregional  (if  we  knew  which 

microregion)  blood  flow  would  be  more  helpful.  Cullen  and  Eger  related 

decrease  in  MAC  to  decreased  oxygen  delivery  to  the  brain,  either  from 
3  4 

decreased  Pa02  or  severe  Isovolemic  anemia  .  A  decrease  in  MAC  correlates 

g 

well  with  the  occurrence  of  central  acidosis  .  Tanifuji  and  Eger  found  a  20% 

decrease  in  MAC  for  halothane  in  dogs  made  hypotensive  to  an  arterial  blood 

pressure  of  AO-50  torr  by  a  combination  of  trimethaphan  infusion,  head-up 

9  10 

tilt,  and  mild  hemorrhage  (approximately  12%  blood  loss)  .  Rao  e£  al^  noted 
a  decreased  MAC  for  halothane  in  dogs  made  hypotensive  by  administration  of 
pentolinium,  trimethaphan,  or  nitroprusside ,  but  stated  that  they  did  not  find 
a  correlation  between  decreased  MAC  and  decreased  carotid  blood  flow.  In 
their  experiments,  mean  arterial  blood  pressure  did  not  fall  below  60  mmHg ,  a 


level  above  that  which  autoregulation  can  no  longer  maintain  cerebral  blood 
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flow.  MAC  however,  decreased  during  the  administration  of  all  three  drugs; 
carotid  blood  flow  did  decrease  significantly  in  the  dogs  given  two  of  the 
drugs,  but  the  large  variability  prevented  achievement  of  statistical 
significance  for  those  in  the  third  group.  Furthermore,  in  the  dog,  carotid 
blood  flow  is  not  a  good  indication  of  total  cerebral  blood  flow.  Thus,  the 
literature  does  not  contain  a  definitive  study  relating  anesthetic  requirement 
to  cerebral  blood  flow. 

Hemorrhage  increases  sympathetic  activity^^  and  circulating 
catecholamines  in  swine  (Weiskopf  RB,  Bogetz  M,  Roizen  Ml',  Reid  I: 
unpublished  data).  Since  an  Increase  in  sympathetic  activity  increases 
anesthetic  requirement,  it  is  possible  that  anesthetic  requirement  would  be 
reduced  further  when  the  sympathetic  response  to  hemorrhage  is  not  possible  or 
is  blocked. 

Our  studies  weje  performed  with  injectible  agents  and  not  inhalation 

agents.  Thus,  it  is  possible  that  some,  or  even  all  of  the  reduction  in 

anesthetic  requirement  we  observed  after  hypovolemia  was  due  to  a  higher 

concentration  of  the  drug  in  the  blood  and  brain  owing  to  a  reduced  volume  of 

distribution.  Changes  in  concentration  of  the  drug  at  the  site  of  action 

would  depend  upon  alterations  of  blood  flow  to  that  site  relative  to 

12 

differences  in  blood  concentration. 

13 

Price  predicted  that  following  a  single  intravenous  injection  of 
thiopental,  its  concentration  in  the  central  nervous  system  would  be  higher 
after  liemorrhage  sufficient  to  reduce  cardiac  output  by  40%,  but  insufficient 
to  alter  cerebral  blood  flow,  than  after  a  similar  Injection  during 
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norraovolemia .  This  mathematical  model  assumed  that  thiopental  does  not  alter 
tissue  blood  flow.  However,  this  is  not  true  during  hypovolemia.  From 
Price's  figure  one  would  estimate  that  the  hypovolemic  condition  he  assumed 
would  reduce  the  necessary  dose  of  thiopental  by  approximately  one-third.  Our 
finding  of  a  33  +  5%  reduction  in  dose  of  thiopental  is  in  accord  with  this, 
although  in  the  other  series  of  hemorrhaged  swine  in  which  we  did  measure 

»  14 

cardiac  output,  it  fell  by  35/i.  Bergman  ,  in  hemorrhaged  dogs,  found  a 
decreased  plasma  concentration  of  thiopental  5-90  minutes  after  injection  over 
a  2  minute  period .  Thiopental,  however,  disappears  very  rapidly  from  plasma 
and  richly  perfused  organs,  such  as  brain.  Five  minutes  after  its 
administration,  the  concentrations  of  drug  in  the  central  pool  and  in  the 
rapidly  perfused  viscera  are  less  than  10%  and  50%  of  their  respective  peak, 
concentrations;^^  and  60  minutes  after  injection,  concentrations  in  both 
compartments  are  less  than  5%  of  their  peak  values. Peak  brain  drug 
concentration  and  Jnesthetic  effect  occur  within  the  first  2  minutes  after 
injection.  Because  thiopental  rapidly  leaves  the  areas  of  interest,  attempts 
to  extrapolate  from  small  concentrations  measured  much  later,  would  be  subject 
to  error.  This  would  bo  further  compounded  as  the  drug's  effect  on 
hemodynamics  changed  with  changing  concentrations  in  various  compartments. 
Bergman  did  not  measure  the  dogs'  blood  pressure  or  cerebral  blood  flow.  It 
is  possible  that  with  the  fall  in  blood  pressure  that  likely  occurred  after 
thiopental  administration  to  his  hypovolemic  animals,  cerebral  blood  flow 
fell,  thus  decreasing  washout  of  the  drug,  resulting  in  lower  plasma 
concentrations.  This  is  possible  because  within  15-45  seconds  after  injection 
concentration  of  the  drug  in  richly  perfused  tissue  is  higher  than  in  arterial 
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plasma. Unfortunately,  we  did  not  measure  drug  concentrations  in  either 
plasma  or  brain,  and  thus,  cannot  confirm  or  refute  Price's  predictions  or  our 
speculations . 


The  authors  wish  to  express  their  thanks  to  Dr.  E.l.  Eger,  II  for  advice 
regarding  experimental  design  and  his  review  of  the  manuscript,  and  to  Sue 
Montgomery  for  providing  technical  and  animal  handling  assistance. 
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Table  1.  Minimal  Anesthetic  Dose  of  Ketamine  and  Thiopental 
in  Swine  during  Normovolemia  and  after  Hemorrhage 


Minimum  Anesthetic  Dose  (mg/kg) 

Reduction  in  minimum 

Drug 

During 

Normvolemia 

During 

Hypovolemia 

anesthetic  dose  during 
hypovolemia  (%) 

Ketamine 

17.50  +  0.72 

10.31  +  0.60* 

40  +  5 

Thiopental 

11.25  +  1.02 

7.50  +  0.72* 

33  +  5 

Data  are  mean  +  SE. 
n  “  A  per  group 

*Statistically  different  (P  <  0.05)  from  normovolemic  state. 
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introuuc  tion.  hct.iorrhagc  stiriuiatcs  tlie  sympa  thoacrena  1  system  H). 

Altliougli  anesthetic  agents  r.ay  cause  lurther  stimulation,  it  does  not 
necessarily  tolloi.  that  th.is  wouiu  be  beneticial  iwi)eii  inuucing  anesthesia  during 
hypovolemia.  Uiien  used  ror  induction  oi  anestliesia  during  hypovolemia,  ketamine 
increases  piasn.a  catccliois,  but  causes  cardiovascular  depression  anu  systemic 
metabolic  aciuosis  ^2).  Citrous  oxice  has  been  usei  luring  hypovolemia  because 
oi  its  analgesic  properties  anu  mile  sympa  the  tic- like  activity.  We  sough.t  to 
determine  unetner  at  equivalent  anesthetic  concentrations,  curing  hypovolemia 
tiie  cardiovascular  consequences  or  h^O  uifiered  from  tliose  or  an  agent 
Uialotliano;/  witii  sympatholytic  action. 

Methods.  Ten  dor.,estic  swine  ^21. 5+1, 3kg)  were  cadi  studied  twice,  btuuies 
in  each  animal  were  separated  by  at  least  one  week.  The  anittals  were 
anesthetizee  with  hulothane  in  O2  and  to  allow  ior  insertion  oi  peripheral 
venous  anu  systemic  anu  pulmonary  arterial  cannulae.  The  trachea  oi  each  pig 
was  intubated,  the  animal  paralyzed  with  metocurine,  and  ventilated  to  maintain 
P^GG2  at  40  torr  curing  ail  conuitons.  * Acrainistration  of  lialothane  was 
discontinued  as  each  pig  was  studied  supine,  normovolemic,  alter  end-tidal 
haloLhuno  concentration  imeasurcu  by  mass  spectrometry)  had  uecrcaseu  to  less 
than  U.b25  MAG.  Masurements  were  repeated  alter  blood  volume  reduction  or  3bX 
over  3G  minutes.  Anestliesia  ^chosen  randomly)  was  then  induced  with  0.z5  MAG 
lialothane  ^Group  1)  or  0.25  MAG  M2^  (.Group  li).  One  week  later,  the  experiment 
was  repeated  using  tlic  other  anesthetic  agent.  Measuriiments  were  repeated  5  min 
and  3u  min  aiter  induction  ot  anesthesia,  30  min  after  return  oi  shed  blood,  and 
00  min  alter  elimination  ol  the  anesthetic.  Results  were  compared  by  btudent's 
t-test,  accepting  p<0.05  as  statistically  significant. 

Results.  30/.  blood  loss  decreased  rigiit-  and  leit-sided  cardiac  tilling 
measures,  mean  systemic  blood  pressure,  stroke  volume,  and  cardiac  output. 
Systemic  vascular  resistance,  oxygen  consumption,  blood  lactate  concentration 
and  plasma  ca techolabiiues  increased  (table  1).  Leiore  induction  of  anesthesia, 
there  were  no  uillerences  betJjeen  the  two  groups.  Five  minutes  after  inuuction 
01  anesthesia  (Table  z),  although  Oroup  11  animals  had  Fiigher  plasma 
norepinephrine  concentrations,  the  only  other  significant  uiilercnce  was  a 
liigiier  heart  rate  lor  Group  11.  lliirty  minutes  alter  induction  ot  anesthesia, 
M2b  admiiiis  tra  tion  v;as  associated  with  higlier  LRa ,  lieart  rate,  bVh,  and  VU2,  but 
lower  bV ;  Lliere  was  no  dilfertnce  between  groups  tor  or  blood  lactate 
concentrations.  After  return  of  si.ed  blooo  plasma  cateciiol  concentrations  were 
higlier  in  Group  ii;  there  were  no  other  signiiicant  uillerences.  Alter 
eiiLiination  ol  the  anesthetic  agents,  th.erc  were  no  uillerences  between  the 
groups . 


Discussion.  We  have  found  that  induction  of  anesthesia  in  hypovolemic 
swine  with  N2O  further  increases  norepinephrine,  but  causes  reduction  in  cardiac 
output  and  failure  to  meet  oxygen  demand  as  demonstrated  by  increased  blood 
lactate  concentration  similar  to  that  of  halothane.  We  conclude  that  the 
sympathetic  stimulation  seen  with  N2O  is  counterbalanced  by  its  direct 
depressant  effects,  and  that  N2O  does  not  offer  an  advantage  during  hypovolemia 
over  in  comparison  with  an  anesthetic  that  has  sympatholytic  properties. 

Table  1 

Response  to  30%  Hemorrhage  in  Anesthetized  Swine 


Normovolemia 

Hypovolemia 

P 

BPa  (torr) 

133+3 

100±5 

<0.001 

Q  (ml02/Kg/min) 
HK(beats/min) 

192±5 

121±6 

<0.001 

128+6  ^ 

182+9 

<0.001 

SV(ml/Kg) 

1.55+0.07 

0.69+0.05 

<0.001 

SVR( torr/4min) 

33 . 7±1 . 5 

40 . 3±2 . 2 

<0.005 

Lactate(mmol/L) 

1.12+0.14 

1.56+0.17 

<0.02 

V02(ral02/Kg/min) 

7.74±0.27 

8.74±0.37 

<0.01 

Epinephrine (pg/ml) 

335±41 

731±66 

<0.001 

Norep inephrine(pg/ml) 

339+40 

677+118 

<0.02 

Data  are  mean  +  S.E.M.; 

n=10;  BPa,  mean  systemic 

blood  pressure;  Q 

cardiac 

output;  HR,  heart  rate; 

SV,  stroke  volume; 

SVR, 

systemic  vascular  resistance; 

V02>  oxygen  consumption 

Table  2;  Response  5  Min  After 

Induction  of  Anesthesia 

Group  I 

Group  II 

P 

BPa 

39+6 

61+10 

MS 

Hk 

63+6 

84+11 

NS 

157+15 

191+18 

<0.05 

SV 

0. 422+. 043 

0. 447+. 045 

MS 

SVR 

28 .7+2.9 

36 .4+4.3 

MS 

Lac  ta  te 

2.88±0.46 

2.28±0.26 

NS 

V02 

5.85+0.48 

7.20+0.71 

NS 

Epinephrine 

2507+527 

2290+824 

MS 

Norepinephrine 

423+88 

1332+404 

<.05 

Table  3:Response  30  min  After 

Induction  of  Anesthesia 

Group  I 

Group  II 

P 

BPa 

56+6 

86±7 

<0.02 

Ik 

105±10 

154+15 

III±7 

207+14 

NS 

<0.001 

SV 

0.71+0.06 

0.55+0.03 

<0.05 

SVR 

26.1/-2.3 

38.3+4.0 

<0.02 

Lac  ta  te 

3.52±0.42 

2.84±0.49 

NS 

V02 

7.60+0.57 

8.86±p.60 

<0.05 

Epinephrine 

1241+313 

1592+623 

NS 

Norepinephrine 

404+73 

1203+337 

<0.02 
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INDUCTION  OF  ANESTHESIA  IN  SWINE  DURING  HYPOVOLEMIA: 
COMPARISON  OF  HALOTHANE,  ENFLURANE,  AND  ISOFLURANE 

M.S.  Bogetz,  M.D.  and  R.B.  Weiskopf,  M.D. 


Affiliation;  Department  of  Anesthesia,  University  of  California,  San 
Francisco,  California  9A143 

Introduction.  Although  hypovolemia  is  usually  corrected  before  the 
induction  of  anesthesia,  the  urgency  of  surgery  may  not  permit  this.  The 
presence  of  hemodynamic  instability  then  necessitates  the  use  of  a  lower  than 
usual  dose  of  anesthetic.  In  fact,  a  patient  may  be  given  only  oxygen  and  a 
muscle  relaxant  until  some  degree  of  cardiovascular  stability  is  acheived.  At 
that  time,  one  would  want  to  administer  an  anesthetic  which  has  minimal 
effects  on  the  compensatory  mechanisms  for  hemorrhage.  Since  halothane, 
enflurane,  and  isoflurane  have  different  cardiovascular  effects  during 
normovolemia,  this  study  compared  their  effects  when  used  to  induce  anesthesia 
during  hypovolemia. 

f  •  ■  ’ 

Methods.  30  domestic  swine  (20.2+/-0.4kg)  were  briefly  anesthetized  to 
allow  the  insertion  of  peripheral  venous  and  systemic  and  pulmonary  arterif'l 
cannulae.  Each  pig  was  intubated,  paralyzed  with  metocurine,  and  mechanicp lly 
ventilated  to  maintain  PaC02  at  40  mmHg.  Pa02  was  maintained  at  130  to  210 
mmHg.  Administration  of  the  anesthetic  was  discontinued' and  each  pig  was 
studied  awake,  supine,  and  normovolemic  after  the  end-tidal  anesthetic 
concentration  (measured  by  mass  spectrometry)  had  decreased  to  less  than  0.05 
MAC.  Measurements  were  repeated  after  a  blood  volume  reduction  of  30%  over  30 
min.  Each  pig  was  assigned  randomly  to  1  of  4  groups  for  anesthetic  induction 
while  hypovolemic:  halothane,  enflurane,  isoflurane,  or  no  agent  (control). 
Measurements  were  made  5  and  30  min.  after  the  end-tidal  anesthetic 
concentration  reached  and  was  stable  at  0.4  MAC  (0.3%  halothane,  1.23% 
enflurane,  0.83%  isoflurane);  control  animals  were  studied  at  a  comparable 
time.  Shed  blood  was  then  returned,  the  anesthetic  was  discontinued,  and 
measurements  were  made  30  min.  later.  For  each  experimental  condition,  results 
among  groups  were  compared  using  analysis  of  variance  with  repeated  measures 
and  Newman-Keuls"  method  of  multiple  comparisons.  p<0.05  was  accepted  as 
statistical  significance. 

Results.  There  were  no  differences  among  the  four  groups  in  the 
normovolemic  or  in  the  awake,  hypovolemic  condition.  30%  blood  loss  caused 
the  expected  cardiovascular  and  metabolic  effects  (table  1).  Halothane, 
enflurane,  and  isoflurane  caused  similar  cardiovascular  effects  when  used  to 
induce  anesthesia  during  hypovolemia;  all  were  different  from  control  animals 
(table  1).  Animals  given  enflurane  had  the  highest  blood  lactate 
concentration.  When  shed  blood  was  returned  and  the  anesthetic  was 
discontinued  there  were  no  differences  among  the  three  anesthetic  and  control 
groups.  All  animals  survived. 

Discussion.  Although  halothane,  enflurane,  and  isoflurane  have  different 
cardiovascular  effects  during  normovolemia  (1,2,3),  they  caused  a  similar 
degree  of  cardiovascular  depression  when  used  to  induce  anesthesia  during 
hypovolemia.  Halothane  did  not  preserve  systemic  vascular  resistance  and 
isoflurane  did  not  preserve  myocardial  performance  or  cardiac  output. 


■s  \ 


Enflurane  caused  the  greatest  Imbalance  of  oxygen  supply  and  demand  as 
reflected  by  the  highest  lactate  concentrations.  All  three  volatile 
anesthetics  interfered  with  the  compensatory  mechanisms  for  hemorrhage. 
Therefore,  considerations  other  than  the  f"ardiovascular  effects  of  these 
anesthetics  should  determine  which  of  these  drugs  should  be  used  when  inducing 
anesthesia  during  hypovolemia. 
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